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Summary 
The current method of producing three-dimensional hygiene apparel products is to 
make a two dimensional product (a cloth), and through cutting and joining seams turn 
it into a three dimensional product. This method requires secondary operations, 
which produce waste, use substantial amounts oflabour, and require extra production 
time. Therefore, the three dimensional non-woven process will be a revolution in the 
non-woven fibre field. With very limited research avai lable specific to this kind of 
process, it is ground breaking work, which eliminates some of the waste mentioned 
above. 
The aim of the project was to develop and implement the three-dimensional non-
woven fibre process so that it is capable of high volume manufacture of non-woven 
products. Pal International Limited is relying on this branch of products to enhance 
the current hygiene product market, and create greater opportunities within the 
markets both in England and abroad by revolutionising the product range. 
The initial equipment available was unsuitable for production purposes, as there were 
problems with all sections of the machine. Therefore a complete rework was required 
and undertaken to get it up to the desired standard and specification. A trilby hat has 
been chosen as the product to base all trials on. 
A literature survey was undertaken to discover theoretical improvements to the 
machine, and trials were generated to assist in proving or disproving theories. These 
trials consequently lead to rework of the machine. 
This report details the equipment available, issues with it and further work required to 
turn it into a production process. The end result is a machine that produces a trilby 
hat of the required quality and at the desired quantity with no rework necessary. 
Some compromises from the theory have had to be made in order to meet Pal 
Internationals requirements for cost purposes. 
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omenclature 
~-dynamic viscosity of the fluid (Nsm-2) 
p - density of the fluid (Kgm -3) 
C-carbon 
D-HydrauJic diameter (m) 
Or-Dean number 
g-gram 
h-hydrogen 
Kb - Resistance ratio 
m/s-meters per second 
mm-millimetres 
Rc-Radius of curve 
Re-Reynolds number 
V-velocity (m/s) 
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Glossary 
Absorb (absorbency)- Th.e ability of a fabric to take in moisture. Absorbency is a 
very important property, which affects many otber characteristics such as skin 
comfort, static build-up, shrinkage, stain removal , water repellence, and wrinkle 
recovery. 
Acrylic-manufactured fibre derived from polyacrylonitrile. Its major properties 
include a soft, wool-like hand, machine washable and dryable, excellent colour 
retention. Solution-dyed versions have excellent resistance to sunlight and chlorine 
degradation. 
Baffle plate-metal plate used to change the direction of airflow 
Bicomponent fibre-a fibre that contains two polymers of different chemical and/or 
physical properties 
Carding-A process which removes dirt and foreign matter still remaining in the fibre 
mass, and arranges the fibres into a very thin layer (l). 
Carding drum-large roller that moves the fibre through the carding machine 
Carding pins-wire-toothed card that covers the carding drum, workers and strippers 
Carding machine- a machine for carding fibre, by subjecting it to the action of 
cyLinders, revolving nearly in contact with each other, at different rates of speeds. The 
result is a soft sheet of fibre . 
Curing-method of heating the fibres so that they produce a permanent shape. 
Den-denier 
Denier-A system of measuring the weight of a continuous filament fibre. The lower 
the number, the fi ner the fibre; the higher the number, the heavier the fibre. 
Xlll 
Numerically, a denier is the equivalent to the weight in grams of9,000 meters of 
continuous filament fibre (I) 
Deposition-the process of taking fibres , and turning them into a bed of fibres 
Deposition bed-box used to lay fibres on to ' pre-open ' them 
Elastic-The abi lity of a fibre or fabric to return to its original length, shape, or size 
immediately after the removal of stress ( I ) 
Feed rate-rate the fibre goes into the carding machine 
Feed rollers-rollers that take the fibre /Tom the conveyor and into the carding 
machine 
Fibre-The basic entity, either natural or manufactured, used in the production of a 
fabric (I) 
Filament-A manufactured fibber of indefinite length (continuous), extruded /Tom the 
spinneret during the fibre production process (/) 
Flame Retardant-A chemical applied to a fabric, or incorporated into the fibre at the 
time of production, which significantly reduces a fabric's flammability (1) 
Glass Fibre-An inorganic fibre, which. is very strong, but has poor flexibility and 
poor abrasion resistance. Glass will not bum and will not conduct electricity. It is 
impervious to insects, mildew, and sunlight. Today, the primary use of glass fibre is in 
such industrial applications as insulation or reinforcement of composite stwctures en 
Hydrophilic Fibres-Fibres that absorb water easily, take longer to dry, and require 
more ironing (I) 
In-feed conveyor - conveyor used to transport the fibre into the carding machine 
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Main fan-fan used in the deposition phase to produce an air current for the fibres to 
travel on 
Moisture Regain-The amount of water a completely dry fibre will absorb from the 
air at a standard condition of70 degrees F and a relative humidity of65%. Expressed 
as a % of the dry fibre weight (I) (Wt % moisture regain at 65% Hr and 21 0c) 
Mould mesb-cross lattice wire shaped into the product 
Nonwoven Fabric-Fabrics made directly from individual fibres that are matted 
together by forming an interLocking web of fibres either mechanically (tangling 
together) or chemically (gluing, bonding, or melting together) (I) 
Nylon-Produced in 1938, the first completely synthetic fibre developed. Known for 
its high strength and excellent resilience, nylon has superior abrasion resistance and 
high flexibi lity (I) 
Polypropylene (also known as polyolefin and Olefin)-A manufactured fibre 
characterized by its ligh.t weight, higb. strength, and abrasion resistance. 
Polypropylene is also good at transporting moisture, creating a wicking action. End-
uses include activewear apparel, rope, indoor-outdoor carpets, lawn furniture, and 
upholstery (I) 
Preopener-method of opening the fibre prior 10 it reaching the carding machine 
Polyester-A manufactured fibre introduced in the early 1950s, and is second only to 
cotton in worldwide use. Polyester has high strength (although somewhat lower than 
nylon), excellent resiliency, and high abrasion resistance. Low absorbency allows the 
fibre to dry quickly (I) 
Polyethylene- a lightweight thermoplastic used especially in packaging and insulation 
xv 
Rayon-A manufactured fibre composed of regenerated cellulose, derived from wood 
pu.lp, cotton linters, or other vegetable matter (I) 
Resilience-The ability of a fabric to spring back to its original shape after being 
twisted, crushed, wrinkled, or distorted in any way ( I ) 
Slide valves-aperture opening to control the direction of airflow in both the heating 
loop and deposition phases 
Specific gravity- the density of a substance relative to the density of water 
Staple Fibres-Short fibres, typically ranging from lI2 inch up to l8 inches long. 
Wool , cotton, and flax exist only as staple fibres . Manufactured staple fibres are cut to 
a specific length from the continuous filament fibre . Usually the staple fibre is cut in 
lengths ranging from 1-1/2 inches to 8 inches .long. A group of staple fibres are 
twisted together to fonn a yam, which is then woven or knit into fabrics (I) 
Streamer-fibres clustered together into a long thing strand 
Strippers-removes fibre from the carding drum 
Toughness-the ability to endure strength and energy 
UMIST-University of Manchester Institute of Science and Technology 
Workers-takes the fibre off the strippers and teases tbe fibres into individual strands 
before placing the fibre back onto the strippers/carding drum 
Where percentage figures are given for the deposition and curing fan , carding drum, 
workers and in-feed conveyor these are a percentage of the following: 
Deposition fan - 65Hz 
Curing Fan - 75Hz 
Carding Drum - 72Hz 
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Worker rolls - 100 Hz 
Input Conveyor - 100 Hz 
Normal Sellillgs-
Deposition fan - 60% 
Curing Fan - 80% 
Carding Drum - 90% 
Worker rolls - 100 % 
Input Conveyor - 100% 
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1.0 Introduction 
Three-dimensional textile products are currently constructed from a two dimensional 
product (a cloth) and through a variety of processes such as cutting and joining seams 
turn it into a three dimensional product. This construction method requires secondary 
operations to be performed (producing a waste from off cuts as cloth is cut to a 
pattern), and design of complicated patterns to be constructed by skilled workers 
using difficult and dangerous machinery. The current range of Pal International 
products has remained unaltered ove.r the past 20 years. Pallnternational aims to 
introduce into the market a new and revolutionary product range - hence their Three 
Dimensional Non Woven project. The three dimensional process will be a revolution 
in the non-woven fibre field . 
Non-woven textiles is a method for the manufacture of ordinary textile structures that 
eliminate traditional yarn manufacture in the first stage and weaving or knitting in the 
second stage(2) One problem with the traditional method of textile manufacture is 
that seams within the final product can rip and cause discomfort to the wearer. 
Another problem is that designers have to be employed to visualise and transfer the 
image of a 3-dimensional garment into a 2-dimensional pattern. 
The three dimensional non-woven process eliminates the need to buy and use fibre , 
which has previously been made into a cloth. It also eliminates the need to design the 
product and transfer it into a 2-dimensional representation. It involves buying raw, 
bulk fibre in its unprocessed state as input to the process. This fibre is then 
transferred from station to station within the machine, resulting in an end product, 
which was formed, directly from those raw individual fibres. This product captures 
the design intention much better than the traditional method, as there is no need to 
transfer the design out of 3-dimensional space, to a flat pattern and then back again in 
a much cruder form. There are also no seams in the product, increasing strength and 
comfort to the wearer. 
There are limited publications available to base this work on. UMlST originally 
started the project with Pal International and only 5 papers were ever written, so it 
was essential for much of the literature survey to come from books. 
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Headwear Manufacture and Sales 
The current sales of chefs hats in cases region have been as shown in Figure I : 
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From the data obtained it can be seen that the sale of head wear is declining. This 
appears to be a general trend for the whole market place. The hat market is more 
stable in Europe, possibly due to the popularity of certain chefs. In Europe, each 
restaurant will name its chef, whereas in England this is less common. In the Far East 
the only major demand is in large hotels, hence the decline. 
For the Trilbies, the following sales occurred (See Figure 2 and Figure 3) 
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Tri lbies are only really sold .in the UK, although that market is also decreasing. 
The mai n UK competitors are (4): 
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• Shermond (http://WW\.I..shermond.comJlndexPagelHeadwearlheadwear.html) 
• Allied International 
• Allied Hygiene who compete on the wipes (http://www.allied-
paper.co. uklenglishlframeset.htm) 
• Source Keys 
• Plastico who Pal only compete with on the catering products 
(http://WW\V.plastico.co.uklworkware.htm ) 
• Food Factory Suppliers who have gone bankrupt numerous times but just keep 
changing their name. These supply cheap goods with limited availability 
There are numerous other suppliers and distributors within the UK who provide 
similar products to those provided by Pal . The market seems to be continuously 
changing and adjusti ng, and it is Pals' aim to keep up with this. 
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2.0 The Th ree Dimensional Process 
This chapler outlines Ihe machinery and process as it exisled althe beginning of the 
project, 
A piece of equipment has been designed and built by Pal International. The process is 
shown in Figure 4, and involves the following stages: 
CD Fibres are placed on an in-feed conveyor 
<l) The fibres then pass through a carding machine to separate them 
® The fibres are then pulled off the carding machine rollers and are transported 
dO\'J1) the ductwork using a suction fan 
@ The fibres settle on a pallet carrying 4 shaped moulds in a deposition chamber 
~ The pallet of 4 moulds is then removed from the deposition chamber and 
transferred to a curing chamber where hot air is passed through them to make 
the fibres harden. This is referred to as the heating process. 
Figure 4 Showing the Sections of the Machine 
Fibre To heating station I CD 0 1 t 
Conveyor Carding Deposition Deposit on Fan 
-
Machine I- duct f- Mould f-; 
2.1 System Parameters 
Due to the complexity of the process, only limited models of airflow and heat flow 
exist for the purpose of improving the system performance. Thus, the approach to 
identifYing system parameters has been through experimentation based on theory. 
This involved running trials on existing hardware to identifY which parameters had 
any measurable etfect on product quality and quantity. First mention shall be made 
here of a problem which is incumbent within the machine control system. Readings 
for values of system parameters have ad-hoc and proprietary units of measure. These 
units of measure are all percentages, and there is no translation table avai lable to turn 
those percentage readings into meaningful numbers, as this was not provided by the 
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original control system designers. Therefore, all readings are given in terms of the 
percentage of their ful l settings. 
All sections oftb.e macb.ine have been investigated to find the optimum settings of the 
equipment available, but also to establish any room for improvement. 
The following parameters have been identified as those, which have the greatest 
impact on the operation of the process: 
Parameters relating to the deposition process: 
1. Carding Machine parameters: 
• Worker speed 
• Carding drum speed 
• Carding pins 
• Feed rate 
• Depth of fibre being fed in 
2. Main fan parameters 
• Fan speed 
3. Slide valve parameters 
• Aperture opening 
4. The mould mesh parameters 
• Should it be more open/closed to prevent fibres catching and the mesh 
showing through? 
• Different material could be used to prevent the pattern of the mesh 
appearing on the finished article? E.g. rapid prototyping 
• Could a different process be used? Maybe drilling holes in a cast? 
5. The gap between the carding machine and the ductwork 
6. Mould shapes 
7. Mould positions on the pallet-should they rotate and at what speed? 
8. Baffle plates in the ductwork to restrict airflow to try to balance the deposition 
• Location and nature of the baffle plates 
Parameters relating to the heating process: 
1. Length of time between deposition and curing 
2. Air Flow speed and profile 
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3. Temperature 
4. Baffle plate to direct air 
5. Mould make up 
Parameters relating to fibres: 
1. Shape 
2. Makeup 
3. Melt temperature 
4. Static 
5. Size 
6. Density/weight 
7. Volume 
2.2 Deposition Section Hardware 
The process for the deposition involves the following stages: 
CD Fibres are put on an in-feed conveyor 
Q) The fibres then pass through a carding machine to separate the fibres 
Cl) The fibres are then pulled off the carding machine rollers and are transported 
down the ductwork 
@ The fibres land on a pallet carrying 4 shaped mould in the deposition chamber 
A pallet of 4 moulds is then removed from the chamber 
These are all displayed in Figure s. 
The heating section will be discussed separately in 2.3.1 Heatillg. 
Figure 5 The Deposition Section o 
To heating station I Fibre CD (0 ~ 
Conveyor Carding Deposition Deposit on Fan 
-+ Machine r-~ duct -+ Mould r-
The section in a red box is the portion that is affect by the fan and airflow. Photos of 
the deposition section can be found in Figure 6 - Figure 8. 
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Figure 6 Deposition section of the machine-Loading Side View 
Figure 7 Carding machine 
2.2.1 Cardillg Machille 
The carding machine arrangement is shown in Figure 7 and the component parts are a 
feed roller clearer where the fibre enters the carding machine, a main swift where the 
fibre is placed from the rollers and the stippers and workers that open up the fibre and 
put the fibre back onto the main swift as shown in Figure 9. The fibre is then 
removed from the main swift by a suction draft. On each of the rollers is a surface of 
spiky metal pins. These pins do the same job as an old-fashioned set of cards used to. 
The existing card utilised on this carding machine is a lattice fed metallic wired 
seven-roller card without doff er, supplied by William Tatham Ltd (now in 
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receivership). The draft removes all visib le fibres from the cards, however some 
fibres may be left on the workers on completion ofthe process. 
Figure 9 Carding machine makeup 
Feed Roller 
Main Swift Suction draft 
The raw material must be preopened to make it less dense before use. This is 
currently achieved by putting the fibres through the carding machine once before 
being used for a product, as outlined below. 
The fibres are transported into the carding machine via a conveyor (see Figure 10). 
Figure 10 Conveyor that feeds the r,bres into the carding machine: 
The in-feed conveyor has variable speed control , which dictates how long the fibres 
spend on the rollers. If the conveyor is too fast, the fibres get tangled together, so a 
compromise must be reached. 
In a simi lar manner to a wool-carding machine, the fibres are separated. The rollers 
take the material through the carding machine. The material on the main cylinder is 
picked up by the strippers aod worked by the workers, and then put back on the main 
roller (See Figure 11 and Figure 12). This is repeated three times using three 
different sets of strippers and workers. 
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Figure 11 Carding drum from LHS 
Main Cylinder 
Figure 12 Carding drum from RHS 
--
The speed of the carding drum and workers/strippers can be varied using the 
machine' s control panel. 
To adjust the ve locity of the fibres coming off the rollers, the air gap between the 
rollers must be adj usted. Photographs showing how to alter the air gap are shown in 
Figure 13 - Figure 14. l£too many fibres are left on the rollers it is difficult to gauge 
the quantity of fibre remaining. For thi s reason the fibres must be removed cleanly. 
Through experimentation (see Appendix 1) the gap does not appear to be critical , as 
long as the top and bottom gaps are the same size. 
Figure 13 Air gap on the carding machine 
Air gap 
to 
Figure 14 Altering the gap looking upwards 
Figure 15 Altering the air gap looking down 
4 screws either side must be loosened, 
then the bar loosened and moved to the 
correct position. Tbis is done by 
measuring the distance from the roller 
to the metal. 
The suction fan used to lift the individual fibres from the conveyor is an 11 kW fan. 
2.2.2 Deposition Ducting 
The fibres are then transported down the duct onto the mould via a fan (which is 
shown and mentioned later in this text). This process, from the carding machine to 
the mould, takes a maximum of 3 minutes. 
Figure 16: Original Deposition ducting 
Flow path 
2 
(position 2) 
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As can be seen in Figure 16, two positions ( I and 2) are in place for the moulds 
(covered in more detail later) to allow for fast changeover. By using thi s method, the 
fan can remain in constant use. The flap directs the fibres onto one set of moulds, and 
when activated, swaps to the other. The result internally is shown below in Figure 17 
& Figure 18. 
Figure 17 View looking up into outlet from air duct with Flap in position I - Open RHS 
Figure 18 View looking up into outlet from air duct with Flap in position 2 - Closed RHS 
The mould used is a wire mesh, which is shaped into the required fonn by dressing it 
around an aluminium cast. There was initially to be a facility to rotate the moulds if 
necessary, but it is now believed that this is not necessary because deposition is 
reasonably even when static, and so this feature shall be removed from the machine. 
The fibres adhere to the mould through a mixture of draught (causing compaction) 
and static. Figure 19 shows the fan at the end of the process, which is used to draw 
the draught of air through the system. 
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Figure 19 The ran 
! Airflow path 
Slide Valve 
The fibre air mover arrangement is based on calculations supplied by UMIST (5) 
The fan used to transfer the fibres from the carding machine to the moulds had an 
operating frequency of 60Hz, and was later changed to 72Hz by the machine builders. 
lfthe air velocity is reduced (by reducing the output of the fan) , the number of fibre 
clusters increases due to stati c in the material. This necessitates the fa n to be run 
above a certain level. Wisps also build up on any air leaks around the connection 
between the mould and the machine. For this reason it is essential to prevent any 
leaks, as fibre can be tangled around leak holes, causing it to build up in a fashion that 
obstructs and changes airflow characteristics, and interferes with the deposit of fi bres 
onto the mould pallet. 
For effective air velocity at the card end of the deposition ducting, the ai rflow velocity 
must be at least three times the surface speed of the card (5) To reduce turbulence, the 
inside of the ducting must be as smooth as possible. The deposition rate and the 
thicklless of the finished product will be determined by the speed and feed of the 
fibres. 
A slide valve is used on each outlet duct to affect the proportion of air flowing 
through each section. The slide valve is shown in Figure 20 and Figure 21. They are 
numbered for ease of identification in reports. 
13 
Figure 20 Slide valve positions 
Figure 21 : Slide valve (6) 
The materiaJ feed is only stopped when swi tching from palJet to paJlet. 
The deposition stage is the slowest part of the process, taking around 90 seconds for 
deposition to fully occur, but it takes over 2 minutes for the carding machine and fan 
to get up to speed, hence it would be more efficient if the system ran constantly. 
Continued on next page .. 
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2.3 Heating Section Hardware 
2.3.1 Heating 
Figure 22 The heating loop (RHS) 
Key 
Direction of main flow 
... Direction of flow when not 
curing (A) 
Direction when curing (B) 
As can be seen in Figure 22, the basic concept of the heating loop is that it circulates 
heated air around a main loop, which is extended further to perform heating of the 
moulds. There are 4 such loops, each to cure an individual station at the same time. 
Figure 23 shows that each loop has two heaters, one (a-d) that is on constantly at a 
preset level, and another (e-h) that only comes on ifthe temperature drops below a 
preset level. The fan is used to circulate the air around the system. 
Figure 23 Heating loop (LHS) 
When heating the loop up, the hood is in the "up" position. It lowers into the "down" 
position when heating, and then rises again when beating has been completed. This is 
as shown in F igure 24 and Figure 25. 
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Figure 24 Heating hood before curing (heat circulating in main loop) 
Figure 25 Heating hood when curing in the down position 
Figure 26 shows that the airflow is forced to change from fl ow A to flow B through 
the heating hood by the use of slide valves and butterfly va lves. 
Figure 26 Schematic of position of slide valves and butterfly valves 
Butterfl 
valve 
Slide valve 
Hood 
Figure 27 - Figure 28 display the positions of all the slide valves and butterfly valves 
in relation to the heating loop. 
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Figure 27 Heat ducting photo 
A butterfly valve is shown in Figure 28. 
Figure 28 Butterfly valve (6) 
L """,,,,,,, .1 
~ 
["""""""'3 
Slide valve onl y open when heating 
When the machine is switched on the main loop is heated first. When ready for 
heating, the moulds are put into position, the hood is lowered, and the relevant va lves 
opened/closed, allowing for the air to pass through the heating hood. When the 
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selected time is up (operator selects time on touch screen), the valves return to their 
original state, and the hood is closed. 
2.3.2 Heating Loop Controls 
The following are methods to control the heating loop: 
1. Set the temperature of all the heaters using the control panel (0-200°C) 
2. Set the fan speed using the control panel (0-100% of 72 Hz) 
3. Set the amount of air allowed into each loop by using a control just above the 
fan on each loop as shown below. The valve operates a butterfly valve, so it 
operates 90° only - in the range of open to closed (Figure 29). 
Figure 29 The control on the heating loop to vary the quantity of ai r through each loop independently. 
Now that familiarity has beell gailled with the system as it existed, discussion shall 
IIOW tum to all ill-depth study of tlte fibre raw nwterials available on tlte mflrket, 
and those involved in the process. 
1.8 
3.0 Fibres 
This chapter gives an in-depth look allhe properties of some of the fibres available on 
Ihe markeltoday. Discussion is given of the various types, and detail is given on the 
current fibre being used, as well as possibilities for jiJlure production. 
3.1 What is a Fibre? 
A polymeric fibre is a polymer composed of linear flexible macromolecules whose 
chains are stretched out straight and lined up next to each other; it should have 
elements of geometrical periodicity and shape symmetry (7) 
The molecules should be able to become entangled and then aligned by stretching 
along the same axis (7): 
Polymers arranged in fibres like this can be spun into threads and used as textiles. 
Crystallinity and a high degree of intermolecular cohesive power are advantageous to 
mechanical properties and environmental resistance (7) The fundamental requirement 
of a polymer that is to be turned into fibre is that the molecules are able to adopt an 
extended configuration and state of mutual alignment (imposed by mechanical 
stretching in the case ofmanmade fibres) and to retain this state when the imposing 
force is released (different to elastomeric materials that gain molecular orientation 
when stretched, but returns to the original position when the stress is removed) (7) 
The polymer of the fibre generally has textural and molecular condition that is 
sensitive to thermal and mechanical influences (7) A fibre polymer may also have 
rubber-like properties by stretching and becomes locked irreversibly in the orientated 
state until it is heated and it melts/dissolves (7) 
The polymer starts off in a powder or granule form, of arbitrary size and shape with 
the molecules randomly disposed and coiled (7) . These particles have to be aligned in 
the direction of the fibre axis (7) 
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Thermosetting resins have dominated the market in the last 30 years, as the matrices 
for fibre reinforced composite in structural applications, aerospace industry, sporting 
goods and chemical engineering(ll,9). Thermoplastics are almost exclusively used 
when no reinforcement is included, and dominate when short fibres are incorporated 
(10) 
3.2 Mechanical Properties 
The mechanical properties of a fibre are dependent upon their chemical nature and 
internal structure (7) One polymer may be able to make a large range of differing 
properties of fibres by simply altering molecular weight, degree of crystallinity and 
orientation (7) 
There are a number of different properties that must be taken into account when 
deciding which fibre to use these include (7) : 
• Fibre toughness is often described as the total energy input to the breaking 
point of the fibre, some common fibres are ranked as follows: 
] ute<cotlon<wool <acryl ics<pol ypropy I ene<pol yester. 
This is possibly why polypropylene was chosen as part of the bicomponent 
fibre. 
• Tenacity is the stress at the breaking point. 
• extension is associated with tenacity and is the elongation. 
• initial modulus is the stress that would extend the fibre length by 100% if 
elastic behaviour were maintained to this extension and is obtained by 
calculating the gradient of the initial section of the stress strain curve, AB 
(Figure 30). 
Figure 30 A graph to show the elastic behaviour of polymers 
Stress 
B 
Strain (extension) 
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• Permanent set is when the fibre is plastically deformed or stressed beyond the 
yield point. When the stress is released, the sample will not recover its original 
length but retains a degree of permanent extension. A high value for 
permanent set makes the fibre unsuitable for products such as tights. 
Table 1 summarises major advantages and disadvantages of some commonly used 
polymers. 
Table 1 A table of some of the propenies of some fibres (7) 
Material Tenacity Extension Initial %elastic Wt % Tenacity 
(dry) at break modulus recovery moisture (wet) % 
gldenier % G/denier at given regain at of dry 
strain 65% Hr 
G/denier & 21°C 
Polyethylene 0.5-2.0 20-80 20-45 90-95% 0.1 100 
(LD) @ 5% 
Polyethylene 4.5-8.0 10-20 50-75 95 0.1 100 
(BD) @ IO% 
Polypropylene 5.0-9.5 15-25 c. 90 95@ 0 100 
7% 
Acrylic fibres 2.0-3.5 25-45 40-50 92-99 1.3-2.5 80-90 
@2% 
PVA 3.5-6.0 15-35 15-45 50-60 4.5-5 .0 80-85 
@5% 
PTFE 1.6-1.7 13 16 - 0 100 
33 Bicomponent Fibre 
Specific 
Gravity 
0.92 
0.95 
0.9 J 
1.14-
1.19 
1.26-
1.32 
? ~ 
_ . .J 
A bicomponent fibre comprises of two polymers of different chemical and/or physical 
properties extruded from the same spinneret with both polymers within the same 
filament(lI) This allows the fibre to use the properties of both materials, consequently 
increasing the variety of possible performance characteristics (12). 
Bicomponent fibres can provide (11) : 
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• Thermal bonding 
• Self bulking 
• Very fine fibres 
• Unique cross sections 
• The functionality of special polymers or additives at reduced cost 
3.3.1 Advantages ( 11 ) 
• Uni form distribution of adhesive 
• Fibre remains part of the structure and adds integrity 
• Customised sheath materials to bond various materials 
• Wide range of bonding temperatures 
• Cleaner, environmentally friendly (no effluent) 
• Recyclable 
• Laminationlmou.ldingldensification of composites 
3.3.2 Bicomponent Fibre Availability 
Bicomponent fibres are available in both (12): 
J) Staple Fibres - cut lengths 6-JS2mm, and crimp levels from uncrimped 
to 20 crimps per 2Smm. Fibre deniers from 1.5-60denier per filament. 
Coloured fibres are available. 
2) Filament yams - flat fully drawn yams from 70 to 600 denier. 
3.3.3 Fibre Composition 
There are a number of different forms ofbicomponent fibres available, which have 
varying structures. Some of these structures are shown below: 
3.3.3. 1 Coneen/rie Sheath/Core 
Figure 31 Concentric sheath/core bicomponent fibre 
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Used in binder fibres with a low-melting sheath around a higher melting core, the 
outer sheath must fully surround the inner core. An example of this fibre is shown in 
Figure 31. A non-woven fabric is made with these fibres , and then heated to melt the 
sheath, which bonds the fabric together upon cooling (12) The concentric sheath/core 
can also be used to deliver an outer layer of a high value (and/or strength) polymer 
around a lower cost, yet stronger core. (12) Adhesion is not always essential for the 
fibres integrity (13) The fibre may be used when the surface component may need to 
be of one property such as dyeability or stability, while the core may contribute 
strength (13). 
Some less common examples are shown in Figure 32. 
Figure 32 Cross section of sheath-core fibres (13) 
!t can be used as a crimping fibre and as a bonding fibre in non-woven industries (13) 
If product strength is the major concern, concentric bicomponent fibres are used, but 
if bulkiness is required at the expense of strength then the other shapes may be used 
(14) 
Other uses include the characteristics of the sheath helping to improve the overall 
fibre properties such as improved dyeability, soil resistance, heat insulating properties 
and adhesion (13) 
3. 3. 3. 2 Eccentric Sheath/Core 
Figure 33 Eccentric sheath/core 
I 
! 
1.,._.J 
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Similar to Figure 33, but the core is off centre (12) The different polymers have 
different shrinkage rates causing the fibre to curl into a helix when heated under 
relaxation (12) This fibre is generally used when bulkiness is required instead of 
strength (14) 
3.3.3.3 Side-by-side 
Figure 34 Side-by-side bicomponent fibres 
Both polymers occupy a part of the fibres surface (12), forming distinct regions along 
the length ofthe fibre (15) (Figure 34). With proper polymer selection, this fibre can 
develop higher levels of latent crimp than the eccentric sheath/core (12). 
There are other designs that are less common such as those di splayed in Figu re 35: 
Figure 35 Cross section of side-by-side fibres (15) 
The fibres must show good adhesion to each other otherwise two fibres of different 
composition will result instead of one fibre (15) . 
3.3.3.3.1 Fibre Production 
Methods for produci ng the fibre: 
The two components, either as a solution or melt, are fed directly to the spinneret 
orifices and are combined into bicomponent fibres near the orifices (16) 
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The two layers are fLrst formed into multi-layered structures and slowly fed without 
any turbulence in the orifices (16) The orifices are positioned so that they intersect the 
interfaces of various layers of the polymer (16). 
The two components are formed into a layered structure; the ori fice does not follow 
the interface exacdy allowing production of fibres with a range of compositions 
(varying from 100% of one component to 100% of the other) (16). 
The two polymers are split-extruded into a layered film, which is then cut into stripes, 
drawn, cut into the required form by a carding machine and then crimped by heat 
relaxation (\6) 
These fibres are used for their self-crimping ability achieved by (\6L 
1. Different shrinkage characteristics of each component 
2. Different elastometric properties of each component (not commercially 
available) 
Reversible crimp is eliminated by immersing the fibre into water, but reappears when 
the fibre dries based on the swelling characteristics of the components (\6) There are 
a number of factors affecting the fibre curvature development including (16) : 
• The difference in the shrinkage between the components 
• The difference between the modulus of the components 
• The overall cross-sectional fibre shape and individual cross-sectional 
shapes of the individual components 
• The thickness of the fibre 
When using the fibre for bonding, the different melt temperatures are taken advantage 
of in thermally bonded non-woven webs (\6) 
3.3.3.4 Pie Wedge (12) 
This is a form of side-by-side fibre. 
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Figure 36 Pie wedge bicomponent tibre 
A round section constructed of 16 adjacent wedges, similar to slices of pie (12) Each 
wedge of polymer A has a wedge of polymer B on either side, for a total of eight 
wedges of each polymer (12) Figure 36 shows this arrangement. These fibres are 
specifically designed to be split into the component wedges by mechanical agitation 
(hydroentangling), yielding microfibres ofO. I to 0.2 denier in the final fabric (12) The 
most common polymer is a combination of polyester and nylon (13) 
These are generally used for high performance wipes, synthetic suede, heat insulators, 
battery separators and speciality papers (13). 
3.3.3.5 Hollow Pie Wedge (/2) 
Another form of side-by-side fibre is shown in Figure 37. 
Figure 37 Hollow pie wedge bicomponent fibre 
Similar to Figure 36, but with a hollow centre core that prevents the inner tips of the 
wedges from joining, therefore making splitting easier (12) These can be used in other 
fibres (12) 
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3.3.3.6 IslandsISea (Matrix-fabril) (Pepperoni pizza) (12) 
Figure 38 Island/sea (matrix-fabri l) bicomponent fibre 
..(.'·:·:r ·· ;-::, 
.. ... : .. : .. ;.. 
An analogy for this fi bre says that Polymer A is pepperoni, and B is the cheese (12) 
(Figure 38). This fibre allows the placement of many fine strands of fibre polymer 
within a matrix of soluble polymer that is subsequently di ssolved away allowing very 
fine microfibres to be produced more easily (12) Staple fibres can be made up of 37 
strands producing fibres as low as 0.04 denier (2 microns diameter) (12) 
These are complicated to make and use, creating microdenjer fibres (13) The islands 
are generally made from a melt spinnable polymer such as nylon, polyester or 
polypropylene, with the sea being polysterene water-soluble polyesters and plasticised 
or saponifi ed polyvinyl alcohol (13) 
The fine fibres created can be used for synthetic leather, speciality wipes, ultra high 
filtration media, artificial arteries and many other specialised applications (13) 
3.3.3. 7 Three Islands (12) 
Figure 39 Three-island bicomponent fibre 
.-
. , I :: :. i 
i n 1;,.1. ' j n n ~ 
L)L..·)l) 
This (Figure 39) is a sheath/core arrangement with three cores instead of one (12) It is 
used to reduce the cost of fibres valued for resilience, by filling the cores with a low-
cost polymer, or a high strength material in the core can reinforce a weak polymer 
used for its surface properties, while reducing del ami nation of incompatible polymers 
(12) 
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3.3.3.8 Self-bulking Fibres 
These are generally created with side-by-side or eccentric cross section. Variation in 
orientation across the fibre causes crimping due to differential shrinkage or strain with 
applied heat or relaxation. (11) 
3.3.3.8.1 Speciali ty Cross-Section ( 12): 
These add functionality, such as unique moisture transport. Examples of such fibres 
are shown in Figure 40 - Figure 43 : 
Hollow 
Figure 40 Hollow cross section 
Trilobal 
Figure 41 Trilobal cross section 
Ribbon 
Figure 42 Ribbon cross section 
(--~) 
Figure 43 4DG™ cross-section 
This has a greater surface area than the others. 
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3.3.3.9 Fibre Type Conclusion 
Fibres are available with various additives such as colorants, flame retardants, 
antistatic compounds etc. (\2) 
Fibre finishes can also be engineered for specific fibre properties, such as 
hydrophilicity, low friction etc, or no finish at all (12) 
The preferred method of bicomponent fibre would by sheath and core approach such 
as the following common polymer combinations in bicomponent thermal binder fibres 
(11) . 
• Polyester core (250°C melt point) with copolyester sheath ( 11 0-220°C) 
• Polyester core (250°C) with polyethylene sheath (130°C) 
• Polypropylene core (175°C) with polyethylene sheath (130°C) 
The fibres that are to be used must be straight to allow for ease of carding and 
preventing clustering. If the fibres were crimped then they would be more like ly to 
cluster together. 
3.3.4 Fibre Currently Used 
The fibre currently used is polyethylene/polypropylene 50/50. The polypropylene is 
the low melt outer sheath, with the polyethylene being the core. These fibres are used 
primarily due to the fact they are both thermoplastics, which are low-priced high-
tonnage materials often-called commodity plastics (17) One method that such a fibre 
is made is by extruding a molten, core-forming thermoplastic material (polyethylene 
in this case) and a molten sheath forming amorphous poJyethyJene terpthalate material 
through a conjugate sheath/core die (18) Polypropylene generally melts at 160°C. 
Low melt is generally at I J 5°C. The lower melt is a result of lower molecular weight. 
3.3.4.1 PolypropylenelPolyethy lene Bicomponent Fibres 
The fibres that are currently used for the three dimensional non-woven process are 
polypropylene/polyethylene. There are a number of different reasons why the 
polypropylene/polyethylene was originally chosen, these include the following 
advantages (19); 
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• Very lightweight (po lypropylene and polyethylene have the lowest specific 
gravity of all fibres) 
• Very soft and very comfortable 
• Thennally bondable 
• Able to give good bulk and cover 
• Abrasion resistant 
• Quick dry 
• Low static 
• Strong due to orientation of fibres (20) 
• Dry hand; it transports body moisture from the skin 
• Resistant to deterioration from chemicals, mildew, perspiration, rot and water 
(sunlight) 
• Stain and soi l resistant 
• Possessive of thennal plastic properties (21) 
• A clean product - made of just carbon and hydrogen, which makes it more 
environmentally friendly (21 ) 
• The simplest to produce (21) 
• One of the cheapest to produce. When you use other polymeric materials the 
price increases significantly (2 1) 
• Resistant to organic solvents (20) 
These fibres can be coloured, but only at a premium and 40 tonnes of coloured fibre 
of each colour must be ordered at anyone time. 
3.3.4.2 Polyethylene 
It is more common than polypropylene, and has a lower melting temperature - it 
anneals at [OOOe (18) It is probably the most commonly used polymer. 
Low-density polyethyleneis used in applications, which exploit toughness, flexibility 
and chemical resistance to varying degrees (17) It is generally used for extruded 
film/pipe, injection moulding, blow moulding, electrical applications and rotationally 
moulded large containers and furniture (17) 
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High-density polyethylene is much stiffer and stronger than low-density polyethylene; 
some of its properties are comparable with those of polypropylene (17). It is used in 
blow-moulded items such as dustbins and bottle crates, sheet and very large pipes are 
extruded, but polyethylene is also used in tissue and wrapping paper (17) 
Macromolecules are groups of atoms, which are repeated almost indefinitely along the 
chain (17) Synthetic macromolecules like polyethylene are frequently prepared by the 
successive addition of one unit to another (17) The product is called a polymer, and 
the process by which polymers are formed is called polymerisation (1 7). The 
molecular weight of a polymer is the sum of all the units constituting the chain 
(17). The repeat units are required to develop the polymer properties required such as 
strength and touglmess, so it is very difficult to ensure that each molecular chain is 
exactly as long as every other chain (17) . Since there are millions of chains in one 
gram of the product, the information about molecular weight of a polymer is 
described stati stically in terms ofthe molecular distribution (17). 
The diagram below shows the two extremes, polymer A having a lower than average 
molecular weight in comparison to polymer B (B also has a broader molecular weight 
distribution) (17) The average molecular weight and molecular weight distribution are 
important because they affect process behaviour and toughness, and are strictly 
controlled during manufacture (17) Different grades of polymer, differing in 
molecular weight are offered (17) There are a number of ways to define the average 
molecular weight depending on whether the contributions of the species of different 
chain lengths are summed with respect to their number as a fraction of the total 
number ofmoJecules in the sample (Mn) or with respect to their weight as a fraction 
of the total weight of the sample (Mw) (17). The ratio of the above must be at least 1, 
whilst gel penneation chromatography is a convenient method for determining 
molecular weight distribution (17). 
For a polymer to be crystalline the polymer structure should have symmetry, which 
polyethylene has (17). 
Polyethylene has a simple structure as shown in Figure 44 (17) : 
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Figure 44 Structure of poly ethylene 
Polyethylene bums like hard wax (22). 
3.3.4.3 Polypropylene 
Polypropylene has strength, fatigue resistance, stiffness, excellent electrical insulation 
properties and temperature and chemical resistance at a low price (17) [t is 
predominantly used in extruded pipe and sheet in chemical plants, injection moulded 
applications (e.g. stacking containers, chair shell s, moulded components in cars), 
twines, fibres, film yam, carpet backing and face piles (17) It is al so used for 
dishwasher food safe containers. As a fibre, polypropylene is used to make indoor-
outdoor carpeting (around swimming pools and miniature golf courses), outdoor 
carpets because it is easy to colour, and because polypropylene doesn't absorb water, 
like nylon does (18) 
3.3.4.4 PolyethylenelPolypropylene Fibre (23) 
A blend of polyethylene/polypropylene is softer than conventional fabrics. End uses 
for such a fibre include garments, outdoor fabrics, protective covers, personal care 
products and medical products. 
3.3.4.5 Prop erties Required /01· Fibres 
• Fire resistance because the product may be used in a kitchen where naked 
flames may be used 
• Heat resistance because the product may be used in hot environments - hats 
over a stove etc and therefore melting at too Iowa temperature would be an 
Issue 
• Hygienic because the products will be used in the hygiene industry 
• Weatherabi lity because the product may be used outdoors - gloves etc 
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3.3.4.6 Future Possible Fibres 
Although the above has already been chosen, there are many other possible fibres to 
choose from. Below are some possible suggestions and possible products that could 
be created by using such fibres 
3.3.4.6.1 Thermoplastics - PTFE and Polysulphers (22) 
Thermoplastics are based on carbon chain structures, which are mainly susceptible to 
flame and heat. The amount depends on the nature of the base polymer, the 
temperature and the duration of the exposure to heat. PTFE and polysulphers are 
different in that it will not burn in air at 300°C. Some of the other thermoplastics 
could have their heat resistance enhanced by adding additives, but this will have a 
detrimental affect on other properties of the polymer. 
3.3.4.6.2 70/30-PolyesterlVisose Rayon Bonded Fibre (24) 
Acrylic copolymers are used as the bonding agent. This fibre is suited for filtration 
purposes where fine filtration of aqueous solutions and suspensions is required or 
filtering out iron ions. 
3.3.4.6.3 Polyester Core and Polyolefin Sheath 
This fibre has good elastic properties and can be heat bonded together (25). This would 
be a useful fibre to use for products that may need to be adjustable such as hats to fit 
more than one size head. It may also be better to use because it may bounce back 
better after being folded or crushed. 
3.3.4.6.4 Acrylic (22) 
If the product needs Ultra Violet radiation protection then acrylic would be suitable, 
but it would be unsuitable for high temperatures because it bums like hard wood. 
3.3.4.6.5 Glass or Carbon Fibre Reinforced Polypropylene 
These fibres are suitable for orthopaedic applications (26). 
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3.3.5 Summary of Fibres 
At present it is better to stay with the polyetbyJene/polypropylene fibres until the 
process is finalised, as these can serve as a benchmark derived from experience. 
Polypropylene/polyethylene is the fibre currently being used to manufacture the 
trilbies being used in the system. These fibres are cheap and easily obtainable, and are 
the fibre combination that has been used all along with the system; therefore there is 
more experience with thi s fibre . 
Polyethylene is a good choice because it has a low melting temperature (ideal for 
curing in a manner that uses a lesser amount of energy), and bonds with 
polypropylene. A disadvantage of these fibres is that they can melt if exposed to oils, 
which have been heated to the curing temperature. However, the company may 
review this in future if other products are chosen to be manufactured on the three 
dimensional non-woven process. 
Ifa different fibre was to be used the only section that may change is that relating to 
curing, where a change of curing temperature would be required. This would not be 
cause an issue in future because the current heaters and fan can withstand far higher 
temperatures than currently used. 
Whilst there are many possibilities for various fibre component mixes and 
configurations, these become extra variables in the process. Focusing on one type of 
fibre allows for investigation into the process without having to do so over again for a 
different fibre mix. Once experience has been gained with the process, further 
investigation into different fibres is necessary. 
This closes the survey of the world offibres. Discussion now moves onto the aspect (J( 
the process involved in their handling - the deposition section. 
34 
4.0 Deposition Section 
This chapler discusses all aspecls oflhe theory, praclice and experimenla/ion 
involved in the deposition section of/he machine. Discussion is given ofpre-existing 
issues, and their solution through theory and experimentation. The agreed 
implementation of ducling is outlined, as is the effect on process cycle. 
4.1 Deposition Chamber Issues 
There are a nwnber of different issues with regards the deposition chamber. 
1. The mechanism that changes the side of the deposition chamber used gets in 
the way of the airflow and creates streamers such as in Figure 45. A prism 
was inserted above the mechanism to try to reduce the streamers see Figure 
46), which also proved unsuccessful. 
Figure 45 Streamers 011 chamber mechanism in ductwork 
Figure 46 Streamers created by a prism inserted 
2. Large streamers form on scratches, and eventually come away, such as the 
ones in Figure 47. 
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Detached 
streamer 
Figure 47 Duct with various streamers 
Streamers 
attached to 
scratches 
When the streamers fall onto the bed of fibres, the bed is unevenly distributed. 
If deposited on a mould, then it can join moulds together such as the one in 
Figure 48 and Figure 49. 
Figure 48 Major streamers landing on the deposition bed 
Figu re 49 Moulds joined together by a streamer 
If the streamers do not fall off then when the bed is removed, the fibres are 
pulled up as shown in Figure 50. 
Figure 50 Bed with attached streamer. Fibres caught on a scratch but also attached to the fibre 
bed 
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3. There are also a number of screw heads that affect the fibre flow and allow 
streamers to form such as the one in Figure 51. 
Figure 51 Streamer Caught on a screw head 
Screw head 
4. The streamers also form further up the duct in the corners such as the streamer 
in Figure 52. 
Figure 52 Streamer in the ductwork 
5. The fibres tangle together 
4.1.1 Possible Causes of Issues Relating to Deposition 
The airflow in the duct exhibits separation and recirculation characteristics throughout 
(27) Recirculation is particularly evident on the angled section of the ductwork. The 
diagram in Figure 53 shows some of the possible problems: 
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Figure 53 Some of the poss;b!e problems with the deposition stage 
The duct entrance is the wrong 
shape because fibres come off the 
carding machine in a narrow strip, 
and are forced into a wider air 
stream creating turbulence. 
The radius is too sharp; it throws the fibre and 
airflow to the outside of the bend. This causes 
recirculation in the inner side of the bend, which 
causes fibres to cluster together. 
uneven over 
the entrance, 
with the 
centre 
subjected to 
stronger flow 
than the 
outside 
Viewing through 
the window, 
fibres are evenly 
distributed with 
occasional 
clusters 
The fibre deposit is 
reduced on the 
inside of the 
deposition chamber, 
and heavier on the 
outside 
The whole ductwork is tapered in both 
vertical and horizontal directions 
causing separation in the airflow 
Fibres catch on flap mechanism 
causing fibres to create large streamers 
Non laminar flow occurs at the tapered 
section just above the deposition 
chamber because the air diverges too 
fast. 
Burrs, scratches and imperfections 
along the whole ductwork all allow 
streamers to form, having a serious 
affect on the deposition. 
4.1.2 Testillg the Theory that the Airflow is Different Along the Entrance Duct 
There are a number of different methods to establish the effect of duct shape on the 
airflow through it. One way is to use the tracer gas method (28) There are a number of 
injection strategies available including (29) : 
J. Constant injection: tracer-gas is injected into the duct at a constant rate, and 
the resulting concentration response is measured. 
2. Concentration-decay: a certain amount of tracer-gas is injected to establish a 
uniform concentration within the duct, and the decay of tracer-gas 
concentration is then measured. 
3. Pulse-injection: Tracer-gas is injected into the duct in separate, short-duration 
pulses, and the concentration response is measured. 
4. Constant-concentration: tracer-gas is injected in such a way that a constant and 
uniform concentration is maintained in the duct during the experiments. 
The tracer-gas method .has been widely used for measuring air movement in buildings 
(30) However, the literature contains limited data on the use of tracer-gas methods for 
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measuring airflow in ducts, but there are some references regarding their use in 
building ventilation (29.31) There are also sources of research regarding airflow within 
rooms/zones, those between rooms/zones (such as through doorways), through 
passive vents, between a building and outdoors and through mechanical air 
distribution systems (32) Usually constant-injection is utilised for such a task as 
measuring airflow in a smooth duct (29) The tracer gas method has been developed to 
try to reduce the distance required to achieve uniform tracer mixing into the duct by 
using high speed injection of tracer and compressed air with multiple jets 
perpendicular to the main flow reducing the mixing distance by 10 times (33) 
However, there is still a requirement to have a distance to allow for mixing. This 
means that in this particular circumstance this is not practical, as the duct is very 
short. It would also require a replica duct, which is not cost effective at present (34) 
Another method that was used to test air conditioning plants is to inject nitrous oxide 
into ducting and analyse the concentrations at the duct end, but again a mixing 
di stance of 80 diameters is required to achieve uniform concentration (35)_again 
unsuitable to this process. 
Another method is to use the passive perfluorocarbon method (36) which involves 
placing small tubes filled with PFT liquid (known as the source) at the inlet of the 
duct and tubes packed with adsorbents (blOwn as samples) are placed downstream (36. 
37) However this method is for long term measurement of ducts which is not an 
option as the results are required sooner rather than later. There are also problems 
encountered when utilising this method for duct investigation as the concentration of 
the tracer may not be unifonn throughout the cross section of the duct, the velocities 
in the duct are higher than in a room and the orientation of the sampler with respect to 
the flow may affect the uptake (38) So a more simple method was required for this 
project. 
A cold wire anemometer could be utilised to make readings of airflow, and has been 
used by some researchers including Fulachier (39), Fabris (40) and Subramanian and 
Antonia (41) The cold wire provides a high natural frequency response and an 
extremely fine wire is required - IIllIl or less must be used (42) Survivability of such a 
small wire precludes its use in some applications (42) It may also be necessary to 
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know how temperature affects the wire as this may affect readings. A device that 
measures temperature would be advantageous alongside this system. 
After further investigation it was discovered that a hot wire anemometer would be 
suitable as detailed information about the flow was not required - it was just intended 
that the trial would show any major trends. Also it is believed that measurements 
obtained using a pi tot-static traverse and hot wire anemometer are similar to that of 
constant injection techniques and are easier to use (38) The hot wire anemometer is 
one of the most practical techniques available for the measurement of simultaneous 
velocity and temperature fluctuations of moderate amplitude (42) This device has been 
utilised by a number of researchers including Sakao (43), Blair and Bennett (44) and 
Lienhard and Helland (45) It is felt that this device would be the one most suited to the 
task required in thi s instance. For the airflow in the duct, temperature is not thought 
to be an issue as it will keep its continuity throughout the experiments and ifany 
unusual readings appear and temperatures are different, then this can be further 
investigated. 
A hot wire anemometer was used (46) to measure the airflow speed at the gap between 
the duct and the carding machine to see if theory applied to practice. The graph in 
Figure 54 and Table 2 shows the end results, which prove conclusively that at high 
fan speeds the airflow in the centre is greater than at the edges, but as the speed drops 
the airflow differential becomes less noticeable. There were issues of safety when 
taking these measurements, and so there may be some errors such as being sure that 
the manometer was in the correct position, the temperature remaining constant and the 
fact that no fibres were flowing through at the time could all be possible causes of 
errors, but at least it gives some idea of what happens. 
Table 2 Data from investigation into air speed at the duct entrance 
Distance from duct centreline (mm) -356 -20] 0 20] 356 
Airflow 65% (mts) 8.3 8.7 9 8.5 8.3 
Airflow 100% (m/s) 9.4 9.8 13 to 9.5 
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Figure 54 Airflow at Carding Machine and Duct [nter,eetion 
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4.1.3 Airflow ill Duct Elltrallce 
The aim is to get laminar flow (at low flow rates there is no appreciable mixing 
between adjacent layers of fluid/gas) but at present there is evidence of turbulence (at 
high flow rates the velocity at a point fluctuates very rapidly in a random manner, 
producing a thorough mixing of the flow) (47,48) Boundary layer theory, which states 
that a region in a moving flow in which there is a single predominant direction of 
flow, and in which shear stresses, heat fluxes and diffusion fluxes are significant only 
in directions at right angles to the predominant direction (49), may be applicable in this 
situation, because two distinct regions within the flow field exist, which are: (48) 
L Close to the surface of the duct work - this is where the velocity gradients are 
large (the boundary layer) 
2_ Further away from the duct work - this is where the velocity gradients are 
much smaller due to there being no-slip condition as there is at the wall 
There is a strong interaction between the boundary layer and the core of the airflow_ 
The Reynolds Analogy is a good approximation whenever the airflow in a duct is 
suspected to be turbulent (Reynolds number over 1.04 (SO», and can be applied to 
turbulent boundary layers as well as turbulent flow in pipes and ducts (51) In a 
turhulent flow, the condition of the duct wall will influence the ve locity profile (52) 
So it is important to establish if the airflow is turbulent or noL 
4l 
Re = pVD (53) 
f.1. 
!l =dynamic viscosity of the fluid (Nsm-2)= 1.79xlO-5 Nsm-2 (constant obtained 
from (54» 
V = typical velocity (m/s) from the graph above = 9m1s 
p = density of the fluid (Kgm-3) = 1.23 Kgm-3 (constant obtained from (54» 
Re = Reynolds Number 
0 = Hydraulic diameter (m) 
Hydraulic diameter: 
D = 4A (53) 
(2x+2y) 
Where A = cross sectional area (m3) = ( 1.045 x 0. 18m) 
x and y = dimensions of the inlet duct = 1.045 x 0.18m 
D = 4(1.045xO. 18) = 0.307m 
(2xl .045) + (2xO. 18) 
Reynolds number is: 
Re = pVD = 1.23x9x0.307 = 189860 
f.1. 1.79xlO 5 
The large number that has resulted means the flow at the entrance is turbulent. The 
Reynolds number affects the k-factor (pressure loss factors) (34) 
4.1. 4 Viscosity 
Viscosity is also an issue in airflow, where molecules in adjacent streamlines move 
with diffe rent drift velocities (55) This is in part as a result of the molecules random 
motion, where the molecules pass from a slower moving streamline to a faster one. 
Here they must be given extra momentum by the faster moving molecules (55) 
Simultaneously molecules pass from faster streamlines to slower ones and therefore 
give up their excess momentum (55) This causes the faster layer to suffer a net loss in 
momentum and the rate at which thi s occurs is equal to the drag or viscous force 
which the slower layer exerts on the faster layer (55) 
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4.1.5 FLow Separatioll 
Flow separation is when the streamlines close to the solid boundary (ducting) do not 
follow the pattern of the boundary (48) A separated flow region will occur down 
stream of a sudden expansion in area (48) To reduce separation turbulence must be 
increased (56), however, this would increase the amount the fibres tangle together and 
therefore would be unsuitable in this instance. 
4.1.6 The Radius 
If a substance flows along an initially straight pipe and changes direction, the fluid 
near the axis of the duct, having the highest ve locity is subjected to greater centrifugal 
force than the slower-moving fluid in the neighbourhood of the duct walls (48) See 
Figure SS - Figure 57. 
Figure 55 Curvature efl'eet on turbulence structure (6) 
.. : .  / .. _0._, ... .. 
. ' . 
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Figure 56 Displacement of high· energy fluid particles towards a concave wall (6) 
Unbalanced force 
tow rds wall 
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Figure 57 Loss of high-energy tluid particles from a convex wall (6) 
Accumulation of 
low energy particles 
ri' High energy particles 
)J Low energy particles 
This causes secondary flow (superposition on the primary axial flow of a transverse 
motion causing flow in the central section of the pipe to move away fmm the centre of 
curvature, and the flow near the duct walls moves towards the centre of the 
curvature), which can create a pair of symmetrically di sposed vortices (48) The shape 
of the duct before and after the bend dictates the flow in the bend (48) The flows can 
look something like those in Figure 58 and Figure 59: 
Figure 58 Ideal flow through a bend (6) 
Advcrscgradienl 
\~ -
-f 
A' Adverse gr.tdicnt 
Figure S9 Schematic of stream function contours in bends of square cross section Ca) I 50<Or<520; (b) 
otller values ofDr, (xx) outer wall, (yy) inner wall (48) 
)(,--,-----,---,-,:x xr-~--~----~-,:x 
y'-----'---_ ..... 'y y~ _ ___'~ _ __J,y 
(a) (b) 
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Dr is the Dean Number where 
4ab 
where D = -- Re is Reynolds Number, D = radius of curve 
e a+b' L~ 
Figure 60 explains the dimensions mentioned in Figure 59 ~ 
Figure 60 Geometry of curved pipe ofrectangu lar cross-section (;18) 
2b 
{\ 2a 
4.1. 7 Area Enlargemellt 
The area of the original duct gradually increased along its length, but it significantly 
increases at the join between the duct and the deposition chamber. 
The consequence of this is that the mean velocity at the outlet is lower than at the 
inlet, and a corresponding increase in the pressure between the inlet and outlet stations 
occurs~ There tends to be non-uniformities in the velocity distribution throughout the 
duct due to the flow separation (48) The divergence of the duct causes large-scale 
separation, and the flow does not join until the divergence is reduced (6) This means 
that the duct must converge at some point to get an even flow again. The effect of the 
entry velocity profile and the tail pipe are detrimental to this process (48) The pressure 
gradients away from the immediate influence of the enlargement are primarily 
detennined by the local surface shear stress and hence are largely dependent on the 
size of the ducting upstream and downstream (48) 
Although the bend does not change dimensions as drastically as in Figure 61 , the 
flow visibly looks very similar. 
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Figure 61 Flow in an Enlargement (6) 
4.1.8 Methods of Improving Perfornlllflce 
Removing the flows low energy near the wall by blowing is very successful (Figure 
62 - Figure 63) but is only suited for wind tunnel diffusers or where the flow can be 
bled-off for secondary purposes (6) 
Figure 62 Low aspect ratio diffuser (6) - very similar to (he stall of the duct 
Figure 63 Removal of low energy fluid and re-energising near-wall flow (6) 
The removal shown in Figure 63 would be unsuitable in this case because fibres 
would be extracted, which are undesi rable. 
Vortex generators placed upstream of a diffuser bring high-energy flow down towards 
the wall to re-energise the near-wall flow (6) Since the near-wall flow distribution 
varies around the inlet, the location of vortex generators or other inlet flow 
redistribution devices must be detennined experimentally fo r each application (6) 
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This may be unsuitable because the fibres are very susceptible to slight air changes. It 
may also have a detrimental effect on the di stribution of the fibres at the end of the 
duct. The elbow on the duct is close to the increase in duct width, which would cause 
further complicatiolls. 
Installing vanes is generally the best option for improving static pressure recovery, 
stability and outlet flow distribution as shown in Figure 64 (6): 
Figu re 64 Use of vortex generator and vanes within diffusers (6) 
Rc-cncrgisctl 
ncar-wall 00\10' 
With vanes it is impossible to achieve a static pressure recovery above that of a plain 
diffuser of the same length but with an area ratio corresponding to that for maximum 
static pressure recovery (6) The problem with vanes is that the fibres will catch and 
cause large streamers, so this is not a suitable method of improving the performance 
either. 
4. I.S.l ideal Duel Work 
[fthe carding machine width is 1.2m then the exit from the carding machine must be 
fairly narrow to get the high velocities required at the stripping point (57) The 
optimum flow velocity distribution is obtained by using ductwork of length 2130mm 
giving an angle 0[70 (57) No vortex occurs with this (57) The mechanism must be 
completely removed to prevent tibres catching and causing streamers. 
4.1.9 Before the Cardiflg Machine 
The fibres must be put through the deposition process at least once to get a reasonably 
even deposition that is not too clustered together. Since this will inevitably affect the 
time avai lable for production, it is essential to find a method of preopening the fibre to 
prevent double work. The majority of preopeners available on the market are for high 
volume preopening, whereas this machine requi res very small quantities - IOOkg per 
week maximum. Only one supplier has been found to date that has equipment that is 
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suitable - La Roche. It consists of two feed roll s and a pinned cylinder for a more 
intensive opening action, suitable for all types of fibres (58) A picture of such a device 
is shown in Figure 65 (59): 
Figure 65 A preopener (59) 
Most air lay lines are far more complex than the current system as Figure 66 shows 
(58) The system normally has: 
I. Bale opener 
2. Fine opener 
3. A number of carding machines 
4. An air layi.ng machine 
Figure 66 Examples of air laying systems (!;8) 
~~,-. 
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4.1 . .1 0 Summary of Work Required 
In conclusion the following are major issues that need further investigation : 
I. Deposition duct must be completely redesit,'11ed because 
• Eddy currents are formed at the edges 
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• Fibres catch on the duct work 
• The opening at the carding machine end is small in comparison to the 
deposition end wllich does not assist fast moving air 
• To get an even deposition you do not want any change of direction 
especially going back on itself 
• The mechanism to swap the flap over must be removed to prevent 
fibres catching on it. Only one side of the chamber should be used. 
UMlST had the moulds mounted vertically; perhaps it is a necessity to have 
them this way. This needs investigation. 
2. Carding machine needs improvements because: 
• The fibres are clustered together when they fall down the duct work 
• UMlST had a carding machine that had 2 more sets of workers and 
strippers than the one Pal have, this may be having a serious impact on 
the carding machines ability to card the fibre to the extent required. 
• There is no method of controlling the volume of fibres until after 
deposition. 
• See if there is a bias of the carding machine that makes the fibre 
always deposit in a certain way. 
3. Mould design and removal 
4.1. J 1 Altemative Method of Getting the Fibres on tile Mould 
4. / .11.1 Electrostatic 
The alternative method to using air to lay the fibres onto the mould is to use 
electrostatic forces (60) 
This alternative involves depositing fibre onto an anode from a slurry of fibres, 
colloidal binders, and additives with the help of electrostatic forces generated by the 
application ofa DC voltage between the anode and the cathode (6l, 62) The shape of 
the end product is dependent upon the shape of the electrodes (60) A couple of patents 
show the suggested equipment that uses electrostatic fields to form nonwoven 
garments such as trousers (as shown in Figure 67)(63,64) 
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Figure 67 Manufacturing garments with electrostatic field (63.64) 
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The moulds (in the above case trousers) are in the shape and size of the desired item 
of clothes. Each mould is constructed from a matrix of conductors by which 
predetennined electrostatic fields have been established over the mould (60) This then 
allows the charged fibre layer to be deposited on the mould before then being bonded 
by the use of an oven (62) Potentially, colorants can be applied in sequence 
electrostatically to the garment to produce any patterns desired (60) 
4.1.11.2 Using Water to Carry the Fibre 
This is where water is used to carry the fibres to the mould but this process would 
require a large volume of water, and the product would need to be dried, so this 
process is not environmentally friendly and as such not a viable option (6ll) 
4.2 Investigating Airflow in the Deposition Section 
There is a need to investigate the speed of the airflow around the moulds, through 
each of the ducts at certain locations around the mould. There is also a need to see if 
the carding machine is biased to a certain direction causing the unevenness of the 
deposition on each station of the moulds. 
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4.2.1 Method 
When measuring airflow a device such as an anemometer which is a simple windmill 
is commonly used (38) A hot-wired anemometer was used to take the readings. The 
probe (Figu re 68) was positioned in the centre of the moulds as shown in Figure 69. 
Figure 68 Anemometer used 
Figure 69 Position of anemometer on the mould 
Various trials were previously undertaken to discover the optimum air speed, and 
65% (11 KW) was found to be the most suitable. The fan speed was set at 65%, and 
left at thi s setting for all the following experiments. 
The same probe was used for all readings. Sixteen readings were taken, each 
separated by 15 seconds (totalling 2minutes and 15 seconds in duration), of the 
highest and lowest values of air speed for the location on the mould shown in the 
picture. Those sets of readings were then repeated for 3-5 times in the same location 
to test for repeatability. The experiment was then repeated for each loop. The results 
for each loop fo11ow. 
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4.2.2 Results of Deposition Duct Without any Baffles 
The above method was utilised to discover how even the airflow speed is between the 
different ducts . A graph was produced for the nighest and the lowest values of air 
speed as shown in Figure 70 -Figure 73. 
Figure 70 Airflow in deposition duct without any bames in Loop I 
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Figure 71 Ai rflow in deposition duct without any baffles in Loop 2 
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FigUl'e 72 Airflow in deposition duct without any baffles in Loop 3 
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Figure 73 Airflow in deposition duct without any baffl es in Loop 4 
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By inspection of the results it is clear that it is difficult to specify the exact airflow 
speed in the deposition ducting, and to ensure that it is exactly the same over all four 
moulds. The data does not tell us why there is a difference between ducts, or why 
there is a difference between separate sets of readings in the same duct. 
Figure 70 shows that loop I is generally quite consistent but occasionally has a low 
reading. Whilst Loop 4 (Figure 73) appears to be the most consistent with a variation 
of O.3m1s. However, loop 3 (Figure 72) varies by 1.2m1s over a 2 V. minute period 
repeated 5 times. Within 15 seconds there can be a difference of tmls on loop 3 
(Figure 72), which, when generalised to all loops, could cause problems involving the 
transmission and re-vectoring of momentum between colliding fibres, causing 
changes of direction that may result in them catching and seeding new streamers. The 
effect of having these fluctuations in the air stream in the same duct is that there are 
likely to be streamers and clusters forming from fibres collid ing with each other and 
getting caught as they travel along the air stream. 
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Figure 74 shows the average results from each data set. The averages of the highest 
and lowest val ued datasets for each run were calculated individually, and then the 
average between these two averages was calculated to give an overall average. This 
was then done for each loop. 
Figure 74 Average airflow speed for each loop 
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Loops I and 3 have a very similar average air speed, whereas loops 2 and 4 are 
dissimilar, having higher average air speeds to loops I and 3. This result was 
unexpected. [( would be more logical for loops 2 and 3, and I and 4 to be similar, 
because of their interior/exterior proximity to the central influence of the fan drawing 
the air through the ducting. 
By plotting the highest and lowest values of each loop on one chart, a similarly 
shaped graph occurs as shown in Figure 75. 
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Figul'e 75 Lowest Average Values tor the 4 loops 
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Figure 76 Highest average airflows for the 4 loops 
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As can be seen from the highest and lowest average values in Figure 76 a similar 
pattern of ordering develops as for the averages of the whole data. Although loops 3 
and 4 appear more similar when comparing the lowest averages, another notable 
difference between the sets is the ordering of the averages for Loops land 3 between 
highest and lowest - they reverse. This displays a range error that is greater in Loop I 
than in Loop 3. 
4.2.3 Further Work Required 
To try to get a better deposition of fibres on the mOUld, there is a need to get the 
di stribution of air speeds to congregate more tightly around a central , agreed value, 
and the averages to be more similar. In response to this need, a baffle plate was 
designed that could be inserted into the ductwork to alter the airflow in each of the 
loops. 
4.2.4 BajJle Plate 
Figure 77 shows the baffle plate which was constructed: 
Figure 77 The baflle plate used 
The baffle plate was positioned with the edge being in the 12 O'clock position 
(pointed to by a red arrow in the drawing above). The air speed probe was positioned 
on the mould in exactly the same position as in the experiments above. Only 9 sets of 
readings were obtained from this point as it was deemed more time effective. 
4.2.5 Baffle Results 
The results in Figure 78 were obtained from measurements of air flow speed for all 
four ducts fitted with a baffle plate: 
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Figure 78 Average Results of airflow in the 4 loops with the baffle edge at 12 O'clock 
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Tt was decided that it would be worth removing a baffle plate from the duct with the 
highest air speed (Loop 2, Figure 78) to see how this affects the airflow over all four 
ducts. The results are shown in Figure 79. 
Figure 79 Averages with only loops 1, 3 and 4 having a baffle plate in them at the 12 O' clock position 
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The results obtained are more like what would be expected from the loops given their 
proximity to the centre of the fan, with the two outer loops, Loop l and Loop 4, 
having similar relative air speeds (with a lower a ir speed) and the two inner loops 
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-- Loop 1 
__ Loop 2 
Loop 3 
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(Loop 2 and Loop 3) also similar (with a higher relative airspeed due to proximity to 
the centre of the fan). Although this is more as expected (for the reason stated 
earlier), tnis is not what is required, because all the loops need to have the same 
airflow speed. Also, the readings above were all taken from tne same central location 
on the mould for each loop. Had another location been chosen, there would probably 
be a different variation in the readings, as evidenced by other parts of thi s section of 
the report. 
The baffle plate was then rotated slightly as shown in Figure 80: 
Figure 80 Baffle plate positioning 
vertical 
The following graph (F igure 81) resulted: 
F igure 81 Average results of airflow in the 4 loops with a baffle plate in each 
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-- Loop 1 
-- Loop 2 
Loop 3 
-- Loop 4 
The results shown above had a smaller range than with the baffle in the other position 
(with a range ofO.3m/s), with the ranges for each loop having similar average values. 
This shows that the position of the baffle plate significantly affects the airflow at a 
given point. 
At the one point that the results were taken, it appears that the airflow is more 
consistent over the loops, and more of the pattern that would be expected from the 
fan, with the inner loops having the highest average airflow velocities. 
Comparing the two results on the graph (Figure 82) shows that there is a significant 
difference in results. 
Figure 82 Comparison of the effect of having the barne plate edge orientated at 12 O'clock as opposed 
to having the centre of the gap orientated at 12 O'clock 
5.2 
5 
-
, 
4.8 
-v; 
f- " -
o centre E 4.6 , 
-
f- Dedge 
- 1·1': 1- r- -~ 44 I--- - f- 1- , -
,2 4.2 rJ - f- ~f- I' - f- f!c -'t 
« 
4 
1 min 1 max 2 min 2 max 3 min 3 max 4 min 4 max 
Loop Number 
The most affected loop was loop I with very different results - thi s loop appears to be 
greatly affected by baffle plate orientation. Loop 4, which was the most consistent 
loop with respect to average air speed, appears to have a similar result no matter 
which way the baffle is inserted into the ductwork. With the edge facing the 12 
O'clock position loops 1 and 3 have the lowest average values of air speed, with or 
without the baffle plate in the ducting. With the baffle plate gap facing the 12 
O'clock position, the result is a more consistent set of readings over the four moulds 
for the one given point. 
4.2.6 Baffle Plate Conclusion 
It has been shown that by inserting the baffle plates into the ducts and rotating them, it 
is possible to affect the overall airflow both positively and negatively. However, it 
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will have a positive effect on one point on the mould but negative on another. From 
this point of view, it was decided that it would be more beneficial to try inserting a 
mesh in place of the baftle plate above, so that the air stream is reduced over the 
whole area of the duct by a similar amount. Before this was undertaken, readings 
were taken over the whole mould to see where the low and high velocity points were. 
4.2. 7 Measuremellt Positiolls 011 tile Mould 
As it i.s known that the loops are unpredictable, it was decided that it would be worth 
investigating how the airflow is affected at various locations on the mould. So 13 
points were chosen, and three sets of readings taken for each point. 
The probe was pointed perpendicular to the mesh face , so that the resultant air flow 
speed at the location could be measured with respect to the surface of the mould. For 
each side ofthe mould, three points were chosen-l ) centre of rim, 2) centre of steep 
face, 3) top edge of hat, and then one point was chosen at the centre of the top of the 
hat. Figure 83 shows the position of the points that shall be referred to in future . 
Figure 83 Position of points on the mould used for investigation (65) 
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Due to the variation of figures obtained, it was decided that taking the highest and the 
lowest figures once every 5 seconds would be more suitable for this investigation, so 
the following experiment was undertaken using this approach. 
4.2.8 Results 
Referring to the graphs that now follow (Figure 84 - Figure 96), when looking at the 
range of values obtained there are some interesting results. Some areas of the hat are 
fairly consistent whilst others have a large degree of variation in measured airflow 
speed. Points 1, 2 and 12 are inconsistent with values that range by 2.8111/s, 2rn1s and 
3.9m1s respectively from smallest to largest value. In the case of point 12, the range 
of the readings is nearly half the actual reading obtained. 
The graphs below (Figure 84 - Figure 96) were formulated by extracting the lowest 
and highest values of airflow speed for the 5-second period immediately preceding the 
value on the graph. So the first point on the graph shows highest and lowest readings 
of speed for the time period 0-5 seconds. Each point on the hat had three separate 
measurement runs conducted on it, and thus each graph shows the highest and lowest 
values for all 3 runs over consecutive 5-second periods. The values were recorded by 
hand with the help of an assistant. 
Key 
--+- Lo~st 1 
__ Higrest 1 
__ Lo~st2 
__ Higrest2 
____ Lo~st3 
__ Higrest3 
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Figure 84 Lowest and highest values Point l 
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Figure 86 Lowest and highest values Point 3 
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Figure 85 Lowest and highest values Point 2 
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Figure 87 Lowest and highest values Point 4 
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Figure 90 Lowest and highest values Point 7 
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Figure 91 Lowest and highest values Point 8 
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It appears that the fIOnt and the back of the mould are least consistent, while the rim 
experiences the highest airflow speed - which is anticipated because this is the area 
closest to the fan. 
The average results gained are shown in Figure 97. 
Figure 97 Average Results for various points on the mould 
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The graph (Figure 97) shows that the airflow speed is dependent upon where on the 
mould the air speed readings are taken. The rim of the hat has the highest air speed, 
whilst the steep section of the front of the hat is the lowest. This is generally as 
expected for this hat being bombarded by an airflow stream arriving from above. 
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4.2.9 Conclusion to the Above Results 
The angle of the mould surface has a significant impact on the airflow speed at those 
points. The rim of the mould needs a reduction in the amount of air being pulled 
through the mould, and the extm air deflected to the centre where the airflow is low. 
This cou.ld then lead to fewer streamers as the air streams would be more laminar as 
they arrive at the mould. This is suggested as a non-Iaminar airflow will cause 
different airflow speeds in different parts of the airflow profile, causing the fibres to 
get caught with neighbouring fibres moving at different speeds, increasing the number 
of fibre streamers. This would al so suggest that a stmight sided duct was required to 
reduce the turbulence and assist in gaining a more laminar air flow. 
4.3 The New Duct 
4.3.1 New Duct Desigfl 
The duct design is a compromise to the ideal. The reason behind this is because the 
area available for the machine is limited and the machine must fit within thi s given 
area (its footprint) . There are machine constraints in that it is not possible to purchase 
a new carding machine or to undertaken any redesign of the carding support struts. 
So, on thi s basis the new duct is not ideal but the best that can be obtained under the 
circumstances. 
Figure 98 displays the proposed new design and the existing duct for comparison. 
The new duct is outlined in black. The old duct is outlined in blue. 
Figure 98 The deposition duct·existing and proposed new duct 
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The duct was constructed and then fitted into position as shown in F igure 99 and 
F igure 100. 
F igure 99 The new duct-view of the length 
Looking from the 
Figure 100 View of width 
4.3.2 Trials 
Once in position, trials were undertaken to establish how good the deposition was. 
20g (weighed on scales) was fed into the machine for each deposition set. A number 
of trials were completed to discover which settings were best. 
4.3.2.1 lnfeed and Airflow 
With regards to infeed and airflow rate the trials in Table 3 were completed: 
Table 3 Trials undertaken to test the new duct 
Airflow rate % 
95 85 70 65 60 55 
~ 0 100 10 2 9 
Q) 75 11 3 8 10 
L 50 5 12 4 7 6 u 
Q) 25 Q) 
-EO 6 1 
_ = Test abandoned 
67 
45 
The tests that are classed as abandoned were not undertaken mainly due to the quality 
of deposition being poor on the setting before it. Poor quality being many fibres 
clustered together or the top ridge of the hat being very thin or there are even no fibres 
on it. The best quality hat visually was number four, with the settings airflow 65% 
and feed in rate 50%. Although thi s was not a perfect deposition, it was the best out 
of all the trials undertaken. 
4.3.2.2 Carding Drum and Worker Roll Speed 
From this point, the carding drum and worker roller speeds were measured and 
checked by undertaking the trials outlined in Table 4. 
Table 4 Trials undertaken to test the carding machine settings 
Worker Roll Speed % 
100 90 80 
Cl "0 90 4 17 18 
.s E <ll 
'E 2 ~~ 80 13 16 19 
"'Den 70 14 15 20 u 
The findings were that when the speed is reduced of either the carding drum or the 
worker rolls or both then the fibres cluster together more. The finish is signi ficantly 
worse, so on thi s basis the best deposition was obtained by the settings 100% on 
worker roll s and 90% on the carding drum. A trial was undertaken to try a carding 
drum speed of 95% but the belts fell off so it has been agreed thi s is an unsafe work 
condition. After contacting the carding machine suppliers, they have said that we 
must not operate the machine above 90% so the machine is at its limit. 
4.3.2.3 Rotation of Moulds 
The moulds were rotated 1800 to discover if deposition was affected by the mould 
changing direction. A trial was completed, the visual appearance of the hat was not 
any different from the hats produced on the same settings but turned the other way. 
The conclusion of this was that the mould position is not significant in the new duct. 
4.3.2.4 Mould Angle 
The moulds are mounted on a plate that tilts tllem slightly as shown in Figure 101. 
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Figure 101 Mould before and after the deposition process showing the tilt of the moulds 
Before After 
To see if the angle made any significant difference to the quality of the deposition, it 
was decided that the mould should be fitted so that it was flat in the mould holder as 
shown below. 
Figure 102 Flat mould 
This mould (Figure 102) had no angle on the mould holder. After undertaking a 
deposition on the new mould position, it became apparent that the angle of the mould 
makes little difference. This opinion was decided by visually comparing the results of 
a flat mould hat and one that was at an angle. The areas with poor deposition are the 
same. The only difference was that there were a couple of streamers on the rim of the 
hat but this was due to the screw heads that showed througb on the deposition area. 
This will not be an issue with the new design, as there will be no screw heads on the 
exterior. 
4.3.2.5 Conclusion of the Above Trials 
After the above trials were completed, it was discovered that the settings that obtained 
the most even deposition over the hats were: 
Feed in rate = 50% (l85RPM) 
Carding drum = 90% (350RPM) 
Worker rol ls = 100% (19RPM) 
69 
-------- - -
Fan speed = 65% (11 KW) 
4.3.3 COfltifluity of Depositiofl 
[n theory if the deposition was even all the hats should have 5g per hat. So 10 
deposition runs were undertaken, and each hat weighed to discover how even the 
deposition was. The results were as shown below in Figure 103. 
Figure 103 A graph to show the weight of each hat for each trial 
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This shows that the amount of fibre fed into the machine or still caught on the rollers 
differs throughout the trial. So to compare the results more easily, Figure 104 shows 
what the weights of the hats would be if the results were normalised. 
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Figure 104 Consistency weights after normalising 
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By inspection of the graph, it becomes apparent that loop C consistently has a high 
deposition weight. Loop B is closest to the desired average deposition weight of 5g, 
whi le loop A is the worst performing loop with the lowest average deposition weight. 
4.3.4 Airflow COlltilluity 
The weight of all the hats is very varied as shown in Figure 104. So it was decided 
that one reason could be the fan is still not performing consistently, so the airflow 
probe was fitted onto the moulds as in previous trials. Three sets of readings were 
obtained for each position. The settings remained the same throughout the set of trial s 
and the following results appeared: 
Graphs to show the airflow in the deposition chamber (Figure 105- Figure 108): 
The key for all the graphs is as follows : 
--+- A 1 Lowest 
--A1 Highes 
-.-A2 Lowest 
__ A2 Highes 
__ A3 Highes 
--A3 Lowest 
71 
- ------------------------------------------------------------
Figure 105 Airflow consistency Loop 1 
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Figure 107 Airflow consistency Loop 3 
18 -
-~7 -
~ E 
.. . -=- -.... ,-
~ 
::::::t :;16 ..... ./' ........ ~ 
'" 
--
~ Cl) 
....- .~ . " ~5 y ~ ~- .. ~ 
en -* ... 
* -./' .to- .., --~ .--
·!:;14 ... ... 
« 
.- ' .-
13 I I I 
~ ~ ).<0 (0\0 ~<o ~ b ~ ~<o 
cy (()n:5 ~'" t:)..IQ '" IQ q; ,,\:) "f); " f); <0 ~ '" re! 
'" 
Q) (S 
"I').. Time (seconds)'" 
Figure 108 Airflow consistency Loop 4 
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The results ( - Figure 108) appear to show that throughout 135 seconds the airflow 
remains consistent. However, each time the trial is repeated the readings obtained 
appear to be different. This can be shown more clearly in Figure 109. Al l the data 
from the four graphs above are accumulated onto one. The number refers to the loop 
and the letter represents the trial number. 
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Figure 109 A graph to compare the air flow readings obtained on all 4 mou ld posit ions 
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As can be seen from the graphs (Figure 105 - Figure 109) the variation of airflow 
speeds is significant with over 3.Sm/s difference over the set of moulds during each 
trial. This suggests that the system needs to have a different fan for each loop. 
Another reason for the unevenness of deposition could be due to the way the fibre is 
positioned on the conveyor. Previous trials showed that the carding machine did not 
have a significant bias towards anyone side of the infeed conveyor. The next stage 
was to investigate how positioning of the fibre on the conveyor affects the weight of 
the hats. 
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4.3.5 Affect of Position of Fibre on Feed in Conveyor to Fibre Deposition 
The 20g of fibre was positioned on the conveyor in 4 piles of 5 grams each as shown 
in Figure 110: 
Figure 11 0 Position of fibre for deposition 
The results are shown in F igure 111. 
5g Fibre 
l nfeed 
Conveyor 
Figure 111 Weight of individual hats when placing 5g clumps of fibre evenly distributed on the 
conveyor 
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Over the three moulds, there can be as much as I. 8g difference by using this method. 
The deposition is more consistent when the fibre is distributed more evenly over the 
conveyor. 
4.3.6 Weight of Hat 
It was decided through discussion that it would be worth trying different deposition 
weights to discover what would be acceptable to Pal as a weight. Therefore 5, 5.5, 6, 
6.5 and 7g per hat were trialled. A, B, C and D are the hat positions in the graphs. 
The scales used to weigh the fibre were only correct to a gram; whereas once the hat 
had been cured, the scales used were correct to O.Olg. Unfortunately, the more 
accurate scales cannot be used to weigh the fibre before curing as they are used in a 
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Quality Control Room . The results of the weights of the hats are shown in Figure 
112. 
Figure 112 Weight of hats 
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As can be seen from the graph, the actual weight of each individual hat varies; the 
reasons are probably as explained previously - the position of the fibre on the 
conveyor, the unbalanced fans and the deposi tion duct deviating from the preferred 
option of being straight. All the hats were then given to Pallnternational to decide 
which weight hat would be suitable. It was decided that 5g would be the weight to 
aim for, as this used the least fibre and would a llow the shortest cycle time, but sti ll 
give a reasonably deposited hat. It was agreed that this was the weight that would be 
used for all further trials. 
4.3.7 Straight Duct 
To see if the theory that the shape of the deposition duct would improve the air flow 
profile, two straight panels were inserted into the new duct as show in Figure 113. 
This would only al low deposition on 3 moulds. This would cause problems with the 
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number of hats processed at each time, but it was fe lt important to prove the principle 
that a straight duct does give better deposition. 
Figure 1 \3 Straight duct design 
~ 
I 1\ 
The blue indicates the new panels that were inserted. The diagram on the left is a 
diagram of the new panel that was inserted. 
4.3.7. 1 Trials with Straight Duel 
Once the panel was fitted , a number of trials could then be carried out. The trial s 
outlined in Table 5 were completed. 
Table 5 Trials undertaken comparing fan speed and infeed 
Fan Speed (%) 
Infeed 
%) 20 25 30 35 40 45 50 55 60 65 
50 14 13 12 11 10 9 8 74, 5 3,6 
67.5 20 
75 18, 21 
87.5 19 
100 15 16 17 
Shaded boxes are tnals that were not undertaken due to time constraints. 
Only a selected nwnber of trials could be undertaken as Pal were eager to return the 
duct to the previous shape. 
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4.3. 7.2 Results o/Straight Sided Duct Trials 
The quality of the hat deposition was noticeably better than when four moulds are 
deposited in one cycle. The hats had a more even deposition, with the top being 
markedly improved. Tbe fan speed could be reduced significantly to achieve the 
same affect and the infeed rate could be increased to 100%. Figure 114 shows the 
weights of the hats. Only one trial for most of the options was undertaken due to the 
time constra.int. 
Figure J 14 A graph to show consistency weights for a straight duct 
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The results show that there is still an unevenness of weight over the three mould 
positions - on average 0.79g. However, some of the depositions show that it is 
possible to get under O.5g difference over the three positions in one trial , with seven 
trials having below 0.5g difference. If this is compared with the consistency trials 
undertaken earlier with the duct flaring out at an angle (see consistency trial s above) it 
is found that the straight duct is on average 0.04g more even over the 3 moulds. None 
of the sets of hats obtained from the angled duct achieved under 0.5g consistency over 
the 4 moulds in the consistency trials undertaken previously. 
The best hat was found to have settings of 50% feed in and 35% fan; however, this 
would not permit the cycle times required. On this basis, 100% would still be better 
with a straight duct than on the compromising duct. This all follows the theory 
discussed earlier. Unfortunately these were all the trials tbat could be undertaken as 
Pal International felt that from the information obtained it was time to decide whether 
3 or 4 moulds at a time was better. 
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4.3.8 Determining the Next Step 
On completion of all the trial s it was then possible to make some decisions. Should 
the duct be straight or angled? The decision tree (Figure 115) was constructed to 
display the options available to Pal. 
The deposition on 4 moulds was acceptable and the quality of improvement achieved 
by depositing on 3 moulds just could not be justified at present so the duct was 
returned to the compromising shape. 
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Accept 3 hats and Accept 3 hats and 
quality reject quality 
I - 3 separate extractors to 
balance deposition 
2 - Cut away carding chassis to 
clear " full taper" duct • 
3 - Pallet on edge (Ref lIMlST • 
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4 - Return to original right angle 
duct but modify bend to feature 
student calculated bend curves 
5 - Have wider carding machine 
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Figure 115 Options avai lable for the 3D Non Woven Product Machine 
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4.4 Carding Bias 
It has been noted during various experiments that the deposition of fibre on the four 
moulds in their curing stations is varied, i.e. for each run, every mould does not have 
the same weight of fibre deposited on them. [t was decided that an investigation into 
the cause of this was required. This is in addition to the infeed conveyor bias 
discussed in section Il. 
4.4.1 Carding Bias Method 
Both the fine mesh and the original mesh moulds were used for this investigation. 
The same settings were used for each trial , and each hat was weighed after curing. 
4.4.2 Carding Bias Results 
The results obtained from the investigation are shown in Table 6. 
Table 6 Weight of hats using different mesh types 
Fine mesh Fine mesh Fine mesh briginal Mesh Original Mesh priginal Mesh 
Trial 1 (g) Trial 2 (g) Trial 3 (g) Trial 1 (g) 'rial2 (9) [Trial 3 (9) 
Position 1 5.31 5.66 5.3 ! 7.91 8.05 6.62 
Position 2 4 .7~ 4.9 4.85 7.6 8.41 5.95 
Position 3 4.< 5.05 5.1 6.6E 7.41 5.37 
Position 4 4.': 4.67 4.44 5 .7~ 6.1 4.8 
Total Weigh 19.1!' 20.28 19.76 27.91 29.97 22.74 
Fine mesh Fine mesh Fine mesh Original Mesh priginal Mesh priginal Mesh 
Averages Trial 1 (%) !Trial 2 (%) Trial 3 (%) Trial 1 (%) ~rial 2 (%) 'rial 3 (%) 
Position 1 27.70 27.91 27 . H~ 28.~ 28.06 29.11 
Position 2 24.75 24.16 245~ 27 . 2~ 26.86 261 71 
Position 3 25.0r 24.9G 25.81 23.86 24.72 23.61 
Position 4 22.45 23.00 22.4 20.5! 20.35 21 .11 
From the weights, the percentage of fibre on each hat was then calculated. The results 
are in Figure 116. 
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Figure 116 Deposition on Moulds 
Cl> 
'" ~ 
Cl> 
" ~ Cl> Q. 
35.00 
30.00 
25.00 
20.00 
15.00 
10.00 
5.00 
0.00 
Position 1 Position 2 Position 3 Position 4 
Posit i on 
• Fine mesh Trial 1 
• Fine mesh Trial 2 
o Fine mesh Trial 3 
o Original Mesh Trial 1 
• Original Mesh Trial 2 
o Original Mesh Trial 3 
From Figure 116, the conclusion is that the moulds with the finer mesh are more 
consistently deposited upon (over the four mould positions) than the original mesh 
moulds were. This could be due to the mesh size being smaller, which has the effect 
of distributing the suction from the fan more evenly over the cross section of the duct. 
The deposition is over 5% different over the 4 moulds - which is significant. 
To further investigate this, the fibre was positioned onto the conveyor on one side, 
and then the other (deliberately biasing the carding machine) to discover if the carding 
machine was encouraging the fibre over to one side. The results are shown in Table 7 
and displayed pictorially in Figure 117. Position refers to the mould position in the 
1" deposition chamber. Weight is the actual weight of the hats after curing. 
Table 7 Results of carding bias, fibre position trial s 
Right Trial Right Trial Right Trial Left Trial 1 Left Trial 2 Left Trial 3 
1 (g) 2 (g) 3 (g) g) g) g) 
Posi tion 1 7.3" 7.21 7.2" 2 .9 2.73 3 
Position 2 5.6( 5.67 5.8E 3.9E 3.8E 4.13 
Position 3 4.25 4.05 3.90 6.00 6." 6.30 
Position 4 2.84 2.51 2.6< 6 .68 6.84 6.6 
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Figure 117 Percentage of the fibre on each position 
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Due to the fact that the fibre is positioned over to one particular side, it is anticipated 
that the deposition will be highest on the position where the fibre has least di stance to 
travel. The side where no fibre is on the conveyor should have the least fibre 
deposited on the mould. To make it easier to compare, the resu lts from depositing on 
the left hand side have been mirrored for Figu re 118. 
Figure 118 Percentage of the fibre on each position (left results mirrored) 
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From the graph it appears that there may be a slight bias towards the ri ght, but it does 
not explain the significant difference when the fibres are distributed evenly over the 
conveyor. However, what the graph does show is that the fibre must be evenly 
distributed across the whole conveyor to get the desired even affect. The results above 
may be affected by the way the fibres were put onto the conveyor belt of the carding 
machine. 
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4.4.3 Carding Bias Conclusion 
The fibre must be distributed evenly on the infeed conveyor to ensure that all the hats 
are evenly deposited upon. If this is not done, the result may be a discrepancy 
between product weights which may lead to wastage. 
4.5 Timing Deposition 
4.5.1 SecolldaryDuct 
During the description here, "primary duct", "duct I" and "deposition duct" are taken 
to mean the standard deposition duct, and with "secondary duct" and "duct 2" these 
are taken to mean the added ductwork for the purposes of excess fibre removal. 
It was decided that a method for allowing set quantities of fibre through the machine 
could be to have a secondary duct. The theory behind this is that the deposition 
wou.ld take place in one duct, and once the correct amount of fibre had deposited on 
the moulds, the airflow to the primary deposition duct would then be swapped to a 
secondary duct where the unwanted excess fibre could be collected. During thi s 
phase, the moulds could be removed from the deposition chamber and new moulds 
inserted. This is as shown in Figure 119. 
Figure 119 Planned deposition set up 
n Duct I ( deposi ti on) 
Duct 2 
(secondary) 
The secondary duct is in blue whilst the black is the deposition duct. The airflow to 
the ducts is changed by slide valves. These valves and the relevant ducts are shown in 
Figure UI-Figure 124. 
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Figure 120 Deposition Chamber 
Figure 121 Slide valves 
Slide valves open 
(posi tion 1) 
Figure 122 Secondary Duct 
Figure 123 Slide valve closed (position 2) 
Figure 124 Air adjuster on slide valves 
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A trial was completed with the normal settings (outlined in section 11.2.5) to ensure 
that positioning the secondary duct does not affect the airflow. When inspecting the 
hats there appeared to be no visible difference to the hats that were produced before 
the secondary duct was added. 
4.5.2 Using Secondary Duct 
It was then possible to try using the secondary duct. A trial was undertaken as 
outlined in Figure 125. 
Figure 125 Cycle of machine 
I Start I 
Deposition duct slide valves open 
Secondary duct slide valves closed 
, Deposit on mould , 
I When deposition completed I 
Deposition duct slide valves closed 
Secondary duct slide valves open 
I Deposit in secondary duct I 
! I Finish I 
4.5.2.1 Results o/Secondary Duel 
The result was that the bulk of fibre making up the hat lifted off the mould slightly 
and the fibre that was left in the chamber that was not on the moulds when the slide 
valves changed over just floated down onto the mould as shown in Figure 126 and 
Figure 127. 
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Figure 126 Results of using secondary duct 
Figure 127 Loose fibre on the mould 
4.5.2.2 Issues a/Secondary Duct Tr ial 
O Loose Fibre 
There was a time delay between the slide valves on the deposition duct closing and 
those on the secondary duct opening. It was believed that this was causing the fibre 
after the deposition phase to lift off the mould and the excessive amount of fibre that 
fell onto the mould after the deposition phase had supposedly finished. 
4.5.2.3 Further Trials 
To try to reduce the fibres floating onto the moulds after the deposition phase, the 
throttle on the slide valves was increased as shown in Figure 124. This caused the 
slide valves on the deposition duct to close slowly. Tnis would then mean that tne 
secondary duct slide valves would open wnilst the others are closing, preventing the 
problem of suddenly naving a vacuum in the pipe work. 
The result of thi s was that the fibre on the mould stayed packed onto the mould better, 
although further work is required to reduce this further. 
4.5.2.3.1 Slide Valve Alterati.on 
To try to improve the action of the fibre further, it was decided that the slide valve on 
the deposition duct would be forced to stay open 20mm. This is to try to reduce the 
amount the fibres lifted off the mould, but also to try to encourage the fibre that was 
' floating ' in the duct to land on the moulds and be held into position rather than just 
landing softly. So the set up was arranged as shown in Figure 128. 
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Figure 128 Modification of slide valve using a ,topperto prevent it shutting completely 
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. ~ -- Stopper shown forcing 
the valve to stay open 
4.5.2.3.2 Method of Slide Valve Alteration Trial Operation 
The process undertaken was as outlined in Figure 129. 
Figure 129 Method the process undertook 
r Start l 
1 
Deposition duct slide valves closed 
Secondary duct slide valves open 
! 
Deposit in secondary duct for 5sec 
~ 
Deposition duct slide valves open 
Secondary duct slide valves closed 
1 
Deposit in deposition duct for) 5 sec 
! 
r Tnsert TT hlock onto slide valves I 
! 
Deposition duct slide valves closed 
Secondary duct slide valves open 
! I Deposit in secondary duct I 
T 
r Finish I 
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4.5.2.3.3 Results of Slide Valve Alteration Trial 
The result was that the airflow was too strong in the deposition duct. This was having 
the effect of pulling on more than just the loose fibres; it was also pulling fibre off the 
carding drum. 
Therefore, the slide valve gap needed reducing. Using a similar method, a piece of 
metal that would allow a 5mm gap was inserted in the same position as above. This 
alteration is as shown below: 
Figure 130 Piece of metal added to create Smm air gap in slide valves 
The trial was completed as in the trial above. The result was that the hats all had 
loose clumps of fibre landing on them. This unfortunately showed through after 
cunng. 
4.5.3 Summary of Secondary Duct Trial 
There needs to be some airflow in the deposition duct after depositing to ensure all the 
fibres that have come off the carding machine land on the moulds and allow for a 
more even deposition. However, airflow must also be limited to ensure the air does 
not pull fibres off the carding machine after deposition has completed. The airflow 
also needs enough suction so that when the slide valves are operated, the deposited 
fibres do not lift off the mould. Further investigation is required to get the exact 
dimensions. 
The duct also needs to have its sharp corners removed. When designing the 
production duct it is important to take this into consideration. The joins in the duct 
also need to be less obtrusive to minimise the airflow turbulence and to prevent fibres 
from catching. 
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Having investigated the aspects involved in deposition, the discussion shall move to 
the target upon which fibres need depositing - the moulds which/orm the product, 
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5.0 Moulds 
This chapter discusses the issues and experiments that have been conducted upon Ihe 
moulds involved in the deposition and curing phase which are responsible lor Ihe 
shape and texture olthe product. 
The moulds are where the fibres are deposited during the deposition stage. They are 
made from a mesh that has been formed into the required shape (in th.is case a trilby) 
and inserted into a mould holder for insertion into the pallet. Products are made by 
forcing fibres through the system, which then cake onto the moulds. 
5.1 Issues with the Moulds: 
Figure 131 displays the mould with and without fibre. 
Figure 131 Mould with and without fibre deposition. 
As with other areas of this machine, there are a number of issues regarding the mould 
structures and their performance: 
1. Streamers form on scratches, sharp edges or screw heads as in Figure 132. 
Figure 132 Fibres caught on a scratch located on the outside of the mould rim creating a 
streamer over the rim 
2. The hats are hard to remove from the moulds because fibres catch around 
the mesh. 
3. The mesh leaves an impression on the cured hat which may be undesirable 
4. The moulds get hot after repeated curing, which may cause preheating of 
fibres in subsequent runs before curing actually takes place. 
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5. The back of the mould (where the angle is most pronounced) does not 
deposit suffic iently. 
5.2 Possible causes: 
• Sharp edges, scratches or any other imperfection in the surface of the mould 
attracted fibres. 
• The fibres are 40mm long, so it is anticipated that some fibres wi ll catch 
around the mesh. 
• The back does not deposit correctly because the angle is too great, as can be 
seen in Figure 133. 
Figure 133 mesh used for the mould with a steep gradient on the hat rim 
By having the moulds gradually heat up, the polymer is subjected to a ' preheat' , 
which means temperatures may need to be raised over the course of the day to ensure 
the products are completely cured. 
5.3 Mould Mesh 
A finer mesh mould was constructed to compare the airflow results from a fine 
meshed mould with the original mould. The reason a fine mesh was chosen was 
because some fibres appear to go through the large mesh which was undesirable, 
making the product difficult to remove after curing. It was also thought that a finer 
mesh could give a different finish to the end product. 
5.3.1 Mould Specificatioll 
Original mould mesh specification are shown in Table 8. 
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Table 8 Original Mould Specification 
Mesh Wire Wire Aperture(mm) Aperture(inch) Open Micron 
Count Dia(mm) Dia(inch) Area(%) Rating 
8x8 0.9 0.0354 2.28 0.0896 51 2274 
The specification for the fine mesh used for the fine meshed mould is shown in Table 
9. 
Table 9 Specification of find mesh used 
Mesh Wire Wire Aperture(mm) Aperture(inch) Open Micron 
Count Dia(mm) Dia(inch) Area(%) Rating 
16 x 16 0.36 0.0140 1.23 0.0485 60 1232 
UMIST used 24mesh (0.355mm dia. 40%open), the specification is shown in Table 
10. 
Table 10 UMlST Mesh 
Mesh Wire Dia Wire Dia Aperture(mm) Aperture(inch) Open Micron 
Count (mm) (inch) Area(%) Rating 
24 x 24 0.355 0.0 140 0.70 0.0277 44 703 
5.3.2 Mould Method 
By usin g a finer mesh it was anticipated that the fibre would be easier to remove from 
the mould, and it would produce a more even deposition. So to trial thi s hypothesis a 
mould was produced using the finer mesh and the same 13 points were used as on the 
previous mould to obtain readings of air flow speed. 
5.3.3 Results 
Figure 134 below shows the average results for the J 3 points: 
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Figure 134 Average results for various points on the tioer mesh mould 
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Points 1, 11 and 12 are all well above the majori ty of data. The remaining 10 points 
are all within 2-6m/s, whilst the three mentioned above are over 7m1s. The three 
points mentioned are all on the lip of the hat, where it would be expected to have a 
higher airflow speed. 
Viewing the original mesh mould graph (Figure 135) and comparing it to the fi ner 
mesh (Figure 134), some interesting results appear. Some of the ai rflow readings 
obtained are different to equivalent readings from other trials. 
Continued on next page ... 
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Figure 135 Average results for various points on the course mesh mould 
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Point 10, which is on the right hand side of the mould, had the highest air flow 
velocity on the original course mesh, but has become one of the lowest with the finer 
mesh. Point I t has become high, increasing by 3m!s. This result is interesting. 
The graphs below (Figure 136 - Figure 148) show the minimum/maximum values 
obtained for each point: 
Figure 136 Fine mesh - lowest and highest values Point I 
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Figure 137 Fine mesh - lowest and highest values Point 2 
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Figure 138 Fine mesh - lowest and highest values Point 3 
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Figure 139 Fine mesh - lowest and highest values Point 4 
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Figure 140 Fine mesh - lowest and highest values Poim 5 
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Figure 141 Fine mesh - lowest and highest values Point 6 
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Figure 143 Fine mesh - lowest and highest values Point 8 
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Figure 144 Fine mesh - lowest and highest values Point 9 
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Figure l45 Fine mesh - lowest and highest values Point 10 
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Figure l46 Fine mesh - lowest and highest values Point 11 
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Figure 147 Fine mesh - lowest and highest values Poi nt J 2 
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Figure 148 Fine mesh - lowest and highest values Point 13 
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Summary of results : 
Table 11 displays the swnmary of the results shown in Figure 136 - Figure 148 
Table 11 Summary of results comparing the result of different mesh specifications 
Point Average on Difference to Range of data Range of data Di fference to 
Fine Mesh Origi nal mesh offine mesh of initial mesh prevIous 
mesh 
I 7.8mfs 2.3mfs 3.2mfs 2.3m/s O.gm/s 
2 4.3m/s 1.8m1s I. 2 mJs 2. lm!s -O.gm/s 
~ 5.5m1s 5.5m1s 0.8mJs Im!s 
-O.2m/s J 
4 5.1 m/s 5.lm/s 0.7m/s 0.8m/s 
-0. 1 m/s 
5 4.5m1s -OAmJs 0.6m/s O.5m/s 0.1m/s 
6 2.5m/s -OAm/s l.lm/s l.lm/s Om/s 
7 3 Am/s -0.8m/s I.SmJs 0 .9mJs 0.6mls 
8 3.7m/s -0.9m/s 3. 1 m/s Jmfs 2.1m/s 
9 3.9m/s -0 .9m/s 2.SmJs l.4m/s 1.1mls 
10 2 .Smls -6.Sm/s 3.1m/s OAm/s 2 .7m/s 
I 1 JO.8m1s 3. lm!s O.8mJs 1.5m1s 
-0.7m/s 
12 8.1mls 0.2m1s 3.2mJs 3.5m1s 
-0.3m/s 
13 1.9 mfs -4.2m1s 2.4mJs 0.9m/s 1.Sm/s 
In general there has been some consistency in the variation of the data, with all except 
3 points being under J.J mls. The airflow variation has increased on point 10 -
however, this is the section closest to the door, so this may bave had some impact. 
Only 6 points had an average that was within 1 mls. The remainder varied up to 
S.5m1s. 
It was correctly anticipated, due to the fact that there is a larger surface area that is 
now open and the mesh is very fine, that there would be an impact on the direction of 
flow. 
5.3.4 Summary of Results 
The fmer mesh provides a more even deposition of fibres. This mesh aUows for 
sbarper angles to be made. 
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The fine mesh texture of the hat is more suited to the desired need. The rim around 
the hat is more prominent too. 
5.4 Further Work Required 
There may be a need to investigate different angles in the design of the mould surface, 
to see if this will improve the deposition. Possibly trying to insert a bame plate, of 
some shape yet to be determined, on the rim would reduce the airflow to this region. 
This is because the rim has the highest airflow velocity over the whole mould. 
Further work regarding the mould should incl ude fabricating mould shapes with 
different angles relative to the vertical to discover what the maximum allowable 
angles are. Investigations will also take place into the shapes and heights necessary to 
get a reasonable deposition. Also linked with this is the possible radius permitted in 
the arc that joins two flat areas of the mould. 
All scratches, sharp edges or discontinoities in the moulds must be removed where 
ever possible. 
Research and implement other mould types and methods of removing the product 
from the mould, and mould limitations. These may include, for research, mould mesh 
density, mould wire diameter, mould material. Implementation should include trials of 
methods for removing moulds, removing products from moulds. 
The discussion now moves on 10 look allhe nexl slage in the process - Ihe healing 
section, where moulds go 10 have the product cured. 
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6.0 Heating Section 
This chapter discusses all aspects of the theory. practice and experimentation 
involved with the heating section of the machine. Discussion is g iven ofpre-existing 
issues. and their solution through theory and experimentation. 
6.1 Issues with the Heating Section 
A diagram of the heating loop is shown in Figure 149. There are a nwnber of issues 
that have been identified. These were found by inserting a thermocouple in the hood 
for each loop as shown in Figure 150 and running numerous trials to test the 
equipments capability. 
Figure 149 The existing heating loop 
Figure 150 Thermocouple position 
Thermocouple (b) 
in the loop (one for 
each loop) 
Thermocouple (a) in 
the hood (one for 
each station) 
There are a number of different issues with regard to the effectiveness of the heating 
loop, including: 
I . ]t is difficult to tell whether a hat will cure or not As Figure 151 shows, it 
must be down to factors other than temperature: 
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Figure 151 Hat temperatures 
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The graph (Figure 151) shows that the curing process occurs between 116 and 
128°C but during thi s range it is also possible that the hats will be under cured or 
over cured. For example at 124°C, there is a chance the hat may be under-cured, 
cured or over-cured. 
Figure 152 is more complex, as it details each hat position (station), the 
temperature in the heating duct, and whether the hat cured. It shows that it is very 
difficult to get all the positions to the same temperature, with each one curing. 
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Figure 152 Hat temperatures and if they cure 
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• Over cured 1 
• Over cured 2 
100 , , Over cured 3 
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Trial Number 
• Over cured 4 
Each position is different for each result. The last 15 results (right most on the 
graph) are from better sealing around the lip of the hood. This shows that with 
the new configuration of the hood, higher temperatures are required to ensure 
curing. It is likely that this is due to a need to have more air flow in the hood. 
2. The curing appears different in each heating loop. Figure 153 shows that 
there is a difference in temperature between each heating loop which is 
different each time. The difference was calculated by taking the highest 
temperature of the four hood temperatures and subtracting the lowest 
temperature of the four hood temperatures for each trial. 
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Figure 153 Difference between the temperatures in each hood during each curing session 
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F igure 153 shows that the difference can be between 0 and 9°C each time. 
3. All the loops heat up at di fferent speeds. 
4. The insulation around the loops keeps falling off Figure 154 shows examples 
of insulation falling offthe heating duct. 
Figure 154 Insulation falling off the heating loop 
a b c 
5. There is a lot of heat lost through the insulation. 
6. T he unevenness of curing is a major factor. The back of the product tends to 
be uncured compared to the front. This means the temperature has to be 
increased by 20°C to cater for this. This increase in temperature has been 
gleaned through trial s. There is a 20°C drop between the two thermocouples 
when the hood is left down for a long period of time to allow it to stabilise. 
Figure 155 shows the position oftherrnocouples in the loop. 
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Figure 155 Position of thermocouples in the loop 
Thermocouple 
(a) in the hood 
(one for each 
station) 
6.2 Possible Causes of the Issues in tbe Heating Section 
Thermocouple 
(b) in the loop 
(one for each 
loop) 
Heat means the energy tTansferred during the thermal processes of conduction, 
convection and radiation (66) Thermal conductivity is the ability of a substance to 
transfer heat through its material from a region of h.igh temperature to a region of low 
temperature (67) 
When considering air flow through the pipes, is has to be considered as forced 
convection because when dealing with this it is assumed that the gravity currents are 
negligible compared with the relative ve locity of the air flow (68) - this is certainly the 
case when the system is on full airflow. However, when the system has the airflow 
velocity reduced, this may not be the case because it may be set too low to allow the 
assumption to be valid. Currently only trials are being undertaken to test the machine 
capability. 
6.2.1 Energy Loss ill the Pipe 
Energy loss in a pipe is dependent upon (52) : 
• The friction factor 
• Pipe length 
• Pipe diameter 
• Surface area (69) 
• Relative roughness 
• Pipe Reynolds number. It has been shown that the heat transfer coefficient of 
the flow is a function of both the aspect ratio (end width to length ratio) of the 
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duct and the Reynolds number (70). Pressure drop is also influenced by the 
above but also the convergent or divergent angle of the duct (71,72>, 
• Pipe bends (52) 
1. Relative Radius (RJr) (R=radius of curvature of the centre line of the 
elbow, r=inside radius of the elbow) (52) (see Figure 156 for diagram) 
2. E ntry and exit conditions of the elbow (52) Figure 156 shows the 
dimensions of the elbow that can have an effect. 
Figure 156 Dimensions of the elbow 
o 
- ....... . R 
• Shape of the pipe 
The shape of the pipe forces the air to flow differently as shown below (52). 
These also indicate when one-dimensional theory can be applied and when it 
cannot (52) 
Figure 157 The effects of pipe shape on airflow and regions in various PsWing sections where one-
dimensional analys is can and cannot be applied . 
~~ 
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~'11 . 
., ~
, 
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1 X 1 X 3 
Numbered sections indicate acceptable regions; X sections are where it does 
not apply (52) 
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Along a given duct of small convergent angle, pressure drop increases whilst 
heat transfer decreases along the duct (73) However, heat transfer may 
increase near the downstream end of ducts of bigh convergent angle (73) Both 
pressure drop and heat transfer increase with an increasing convergent angle 
(73). This may be causing problems with the airflow in the duct. 
6.2.2 Elbows 
The elbows in the pipe work cause the system to lose a lot of energy, and if the 
resistance of these right angle corners were reduced, the energy requirement would be 
reduced, along with the opportunity to reduce the fan size used (15). F igure J 58 shows 
that the gentler the angle in the elbow, the less res istance there is produced. 
F igure ] 58 shows the loss coefficient for smooth elbows (52) 
1.0r-------,-------,----------, 
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Although the corners are rounded to an extent, if the outer corner is only rounded and 
equal to the side of the duct, resistance increases. The best option is highlighted in 
Figure 159. 
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Figure 159 Effects of elbows on the flow of ai r (6) 
~ ~L'::~~~ 
This is the best option 
w 
The k-faclor (Kb) being the resistant ratio (6) 
As pressure is reduced the associated loss coefficient (k-factor) is altered (74) The k-
factor is calculated from the measured pressure loss and air velocity (74) 
If a substance flows along an initially straight pipe and changes direction, the fluid 
near the axis of the duct (having the highest velocity) is subjected to greater 
centrifugal force than the slower-moving fluid in the neighbourhood of the duct walls 
(48) This causes secondary flow and can create a pair of helical vortices (48) The 
difference in the k-factor between a flat oval elbow and a rectangular elbow is small , 
gi ven the same cross sectional area (75) 
6.2.3 Tee Junction 
Where Tee Junctions feature in the ductwork, the principle is similar to that of the 
elbows (52) The only tee junction in this system is directly through the fan, since the 
other pseudo-tee shapes are in effect elbows due 10 the variation of slide valve 
positions. Although there are 4 ducts converging into I (instead of the usual 2 
converging into I), there is limited literature available that discusses more than 2: I 
convergence. 
Figure 160 shows the airflow system. 
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Figure 160 Airflow through the heating loop fan 
{fnlet) 
(Outlet) 
The pipes are insulated due to their thermal co nducti vity. Aluminium has a thermal 
conductivity ofO.504cals.cm.-1sec-1deg.-1C, whilst air is 5.77 x 10-5 cals.cm.-1sec-
ldeg.-1C which is why so much heat is lost from the pipe work (76) Air is a poor 
conductor of heat, and so it takes a long time to heat up in comparison to the pipe 
walls and other conductors (/7) 
6.2.4 COlltractiol/s 
The ductwork contracts underneath the pallet, which will affect the air flow. There 
are three distinct regions (48): 
1. An upstream section where the duct wall s are parallel to the flow axis 
2. The region in which the reduction of cross-section takes place 
3. At the down stream extremity of the contraction, a further section where the 
walls are parallel to the flow axis 
As the flow passes through the contraction, there is an increase in mean velocity and 
consequently a fall in piezometric pressure (elevation pressure + static pressure). The 
contraction does reduce local nonuniformities in the axial velocity profi le at a cross-
section as shown in Figure 161. 
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Figure 161 Idealisation of the turbulent flow in a sudden cont raction (<8) 
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6.2.51t1sulatioll 
Thermal insulation of tubes is a compromise between the prevention of heat flow and 
the minimisation of capital cost (78) To insulate a system almost perfectly, one should 
place it in a vacuum and use multiple layer aluminium foil techniques (78) The loss of 
heat from a system at 100°C to room temperature surroundings with a IOOmm 
thickness of the above insulation would result in Y. Watt per square metre, but thi s is 
very expensive (78) This means that the larger the surface area, the more heat will be 
lost. Therefore it may be more suitable to investigate other methods of curing such as 
usmg an oven. 
Inside the hood, the thermocouple sticks into the airflow, which may affect the flow. 
Li nked with this, there is also a cross piece in the flow as shown in Figure 162. 
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Figure 162 View up into the heating loop hood 
Cross in the centre of airflow 
ThennocoupJe protrudjng 
Although the ductwork may be circular as can be seen in Figure 161 and Figure 162, 
the hood is a different shape on the lower skirt, and the airflow is extended outwards. 
The pipe work is of diameter 200mm, and it takes 200mm of length to taper to 
370mm. A contraction occurs beneath the hood as it returns to the main pipe work, 
which affects the airflow as shown in Figure 163. 
Figure 163 F low model of abrupt contraction (52) 
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6.2.6 The Surface Loss 
The temperature at the common bonding surface of two bodies (pipe and insu lation) 
that are not in heat equilibrium is never constant, but always exhibits a more or less 
abrupt transition (79) Heat travels from the hot air inside the pipes through the pipes to 
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the insuJation, and into the outside air hy conduction (80) The problem of boundary 
layer heat transfer is an issue (S \ ) It occurs between the pipe work and the insulation, 
and then again to the air outside. If it is assumed that the insulation layer is consistent 
throughout and exposed to air, then a temperature profile will result. If a tube is open 
at both ends then the results in Figure 165 (dimensions in Figure 164) occur (S2) 
Figure 164 Pipe dimensions for graph 
Surface 1 
T I= Te 
q2 Surface 2 (inside 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~:-u-- surface of tube wall ) 
D = 1 
x Surface 3 T3=Te 
Figure 165 A graph to show the energy flu x in a uniformly heated tube insulated on outside and open 
to environment at both ends 
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Although in this particular system, the pipe work is only open at one end - the hood -
the graph sti ll indicates a significant drop that must be overcome to keep the 
temperature constant. 
If consideration is made to the temperature loss through a bar when exposed at one 
end, Figure 166 results. 
Figure 166 Effect of leaving the end of a bar exposed to cold air 
Temperaturel "-~ompiPe 
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The temperature loss is greatest where the temperature is highest (83) This indicates 
that there is a greatest temperature loss closest to the heat. Comparing this to the 
current problem where heat is lost from the insulation a similar result is likely. 
It is possible that the turbulent flow created by the fan means that the velocities, 
temperatures and concentrations all vary locally at a fi xed posi tion (84) A stratified 
flow is created in pipes due to the velocity profile towards the pipe wa lls (84) This is 
shown in Figure 167. 
Figure 167 The two-layer model of the Prandtl analogy(84) 
y 
L Full y turbulent core 
x 
Laminar layer 
The pressure gradient, velocity, temperature and concentration profiles are only 
dependent on the y coordinate normal to the wall (84) The amount of heat lost through 
the pipe wall s will be dependent on the conductivity of the pipe (85) 
6.1. 7 Radia ( If eat 
Radial heat flow occurs because the heat is situated at the centre of an enclosed heat 
mass, and although it is forced to travel through the pipe, the heat will flow outwards 
through the walls of the pipe as shown in Figure 168 (86) 
Figure 168 Radial heat flow in a cylinder (86) 
Pipe 
'--.L.. _______ --'~r---....jlnsulation 
6.1.8 Surface Texture 
The airflow in the pipe work is affected by the texture of the inside, which may be due 
to the material, machining process or foreign bodies, which di stort or damage the 
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crystal lattice or create a chemical reaction (77) It can be compared to air hitting a hill 
as shown in Figure 169 (27) 
Figure 169 a diagram showing how airflow is affected by a hill 
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The eddy currents that can be seen above are caused by surface absorption and 
reflection abi lities (82) as well as the boundary layer. Therefore the pipe work wi ll 
need to be smooth to prevent these eddy currents forming. When the hood is closed, 
and the slide valve on the vertical pipe is closed, the duct end is classed as closed 
which means the boundary condition is expressed by the fact that the flow velocity is 
zero (87) Close to the wall the flow is entirely determined by the conditions at the wall 
(88) 
6.2.9 Boulldary Layer Issues 
An example of a boundary layer is: flow in a long straight pipe where the main flow is 
axial and the sheer stress and heat flux operate on cylindrical surfaces generated by 
lines parallel to this axis. This is exactly what thi s problem is dealing with (49). 
6.3 Solution to Flow in the Duct 
When curing the hats, the heating effect is not as even as perhaps it could be, so some 
form of disturbance and eddy currents may be required to make it more even. 
6.3.1 Creatillg the Required Disturballce 
6. 3. 1./ Drag 
As shown above, the edges wi ll create thi s, but it is midway between the edge and the 
centre that is having the problem so perhaps by taking into account the drag of various 
solid bodies thi s could be a method to create this disturbance such as Figure 170. 
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Figure 170 The Drag of various solid bodies (27) 
flat disc 100% drag 
sphere 50% drag 
streamline shape 5% drag 
6.3.1.2 Wake 
However, there may be concerns about how the section after would perform as shown 
below, after a sudden stop of an obstruction there is a section of 'dead water' before 
the ' wake', which could be an issue see Figure 171. 
Figure 171 Flow zones around an automobile ( .. ) 
6.3. 1. 3 Effects of a Plate in the Airflow 
If a baffle plate is inserted into the hood it will affect the flow of air significantly. 
The diagrams below show some examples of the effect of airflow when it is subjected 
to obstruction. The examples are of a flow field around a square, circle, triangle and 
rhombus (90) After the object, there are two parallel flows at different velocities, 
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coming together downstream of the object with the formation of a mixing layer 
characterized by vortices rotating in the same direction and carried off by the current 
which is what creates the air flow patterns shown below (91) 
All the items in Figure 172 show that a baffle plate in the hood may not be suitable. 
It does allow for turbulence but in the trial undertaken it does not appear to cure the 
hats successfully (90) 
Figure 172 affects of a bam e plate on an air st ream 
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If a plate is used, tben the airflow will be affected differently to the above, but it wi ll 
also affect the boundary layer. Figure 173 is an example of the result of this (92): 
Figure 173 The boundary layer along a flat plate at zero incident (92). 
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6.4 Velocity Profile 
Velocity-profi le (effects of swirI) deviations, non-homogeneous flow or pulsating 
flow are the major influences on the readings obtained by a flow metre and therefore 
could potentially affect any results obtained (93) 
6.51" Law of Thermodynamics 
By the first law ofthermo dynamics - " when mechanical energy is produced from 
heat a definite quantity of heat disappears for every unit of work done; and, 
conversely, when heat is produced by the expenditure of mechanical energy the same 
definite quantity of heat is produced for every unit of work spent" - the fan used to 
move the air around the system will also be heating the air slightly (94) 
6.6 Summary of Work Required 
The heating loop needs thought because: 
• The flow should be turbulent to get even heat distribution. Something must be 
used to disrupt the airflow. Perhaps a plate inside the hood could direct the 
flow to the areas that do not cure as successfully as required. 
• A lot of heat is being lost through the insulation 
• One pipe is randomly worse than the other three. Each time it is a different 
pipe, so some method of balancing them such as a separate fan for each loop is 
necessary. 
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• The air in the heating loop is being circulated in a large loop that has a high 
surface area. If energy costs are to be reduced then a large tank of air may be 
better. 
• Each heating loop should be completely on its own. This means each loop 
should have its own fan , heaters, ductwork and controller. 
• Using the equipment available, try different baffle plates to see ifthe airflow 
can be redirected in both the deposition duct and the heating loop. 
• Look at different methods of storing the hot air. 
• Perhaps investigate using the same diameter piping as the size of the mould. 
• Investigate different methods of curing the hats. 
a) Some research has been undertaken over the past few years involving the 
use of microwaves to cure fibres. The two mechanisms of orientation 
polarisation and interfacial space charge polarisation, together with dc 
conductivity, form the basis of high frequency heating (95) This is 
current ly limited to a small selection of fib re, including carbon fibre, glass 
fibre, LDPE and nylon, so this may be an area worth investigating in the 
future if the fibre is altered to be one of those on this list (96) The current 
advantage of microwave processing is that it leads to a shorter curing time 
in comparison to thermal processing (97) and it allows for selective and 
volumetric heating (95) It al so has lower energy consumption than thermal 
heating. A disadvantage is that microwave heating requires a non-metallic 
cure monitoring system (98) Factors that hinder the use of microwaves in 
material processing are declining, so the prospects for the development of 
this technology seem to be improving (99) However, given the cycle time 
with tbe other parts of the machine this is not an issue at present and so the 
costs involved to investigate such a device are not justified. 
b) Another ' new' method is the use of solar energy, although investigation by 
Stonov, LA and Yarlagadda, P.K.D.V. undertook a feasibility study 
(using acrylonitrilelbutadiene/styrene-ABS, polycarbonate-PC and 
polymethylmethacrylate-PMMA) regarding joining thermoplastics by 
concentrated beam insolation with some success. With the results of bond 
strength achieved at the joint interface and energy consumption in the 
process comparable with those obtained with similar thermoplastic joining 
121 
techniques that utilise microwave energy (100) Further investigation would 
be required as again the fibre currently being used for the three 
dimensional nonwoven process is not another of those investigated, so 
there would be a need to investigate this process method further. 
6.7 Airflow in the Heating Loop 
6.7.1 Heating Loop Experimellt 
6. 7.1.1 Method 
A similar method for obtaining air speed readings was utilised as for the deposition 
section, but instead of putting the air speed probe on the mould, the air speed probe 
was inserted into the air flow as shown in Figure 174-Figure 175. The measuring 
section of the probe was positioned so that it was in the centre of the pipe work cross 
section. 
Figure 174 Position of the hole for inserting the probe into the ducting 
,"""'''10 the probe into the ducting 
The readings were repeated to check for consistency. The air speed in each of the 
ducts on a given setting was first checked. Due to the heating phase of the process 
only lasting 1 second, the consistency of the heating system will be very significant to 
the results obtained. 
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6. 7.1.2 Resulls 
The graphs in Figure 176 - Figure 179 show the data obtained and plotted to allow 
for compari sons. 
-+- Lowest 1 ---- Highest 1 --.- Lowest 2 -- Highest 2 
-.- Lowest 3 -+- Highest 3 -+- Lowest 4 - Highest 4 
Figure 176 Airflow in heating loop 1 
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Figure 177 Airflow in heating Loop 2 
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Figure 178 Airflow in heating Loop 3 
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Figu re 179 Ai rflow in heating loop 4 
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The graphs in Figure 176 - Figure 179 shows that the heating loop is very 
unpredictable. The airflow speed in the loops varies - ranging from 13.3m/s to 
IS.Smls. The graph in Figure 180 compares the averages: 
Figure 180 Average airflows in heating loop 
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The averages range from 13.7m1s to 15.1 mls, which will have a significant impact on 
the heating ability of the air flowing in the ductwork . Loop 2 is always the loop that 
does not cure the hats properly, with loop 3 being the next ' worst' at curing the hats. 
Loop 4 is always the best, and this is the loop with the highest airflow speed. 
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6.7. 1.3 Healing Loop Summary 
Form the results it is clear that the four loops are unpredictable and unbalanced. The 
airflow speed in each loop varies substantially - ranging !Tom 13.3m!s to J 5.5m/s 
which is quite a large range consideri ng that the process takes one second in time to 
cure a hat. Reasons behind this include the facts that: 
l. The pipe work has many corners before reaching the curing station 
2. There is one fan for all four loops 
3. There is a great deal of heat loss around the pipes. 
The next aspect that is important to investigate is the airflow in the cross section of 
the pipe work. 
6.7.2 Cross Sectioll of Curing 
All readings were taken !Tom loop 2. The probe was inserted at different di stances 
from the edge as shown in Figure 181 . 
Figure 181 Cross section of the pipe work 
Probe 
Hole in Ductwork for probe 
Three sets of data regarding airflow velocity were obtained for each mould position. 
The results were then averaged to produce a graph of the airflow across the cross 
section. The result is shown in Figure 182: 
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Figure 182 Average values ofairtlow velocity against position across the cross section of the duct 
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From the graph, it appears that the side opposite the hole has a higher airflow velocity 
profile than in the centre of the pipe. If this continued all the way through the pipe 
work then this could explain why the back of the moulds does not cure - the airflow 
speed is lower. This also agrees with the findjngs from the heat sensor camera used in 
the next section. 
6.7.3 Thermallmaging 
A thermal imaging camera was used to create a temperature profile of the cross 
section of the heating duct. The aim was to see if there were any significant leaks 
around the heating loop that contribute to the unpredictability of the heating loops. 
Using the thermal imaging camera, it was illscovered that there were the following 
heat spots: 
• The heaters have heat spots around their exterior casing. However, these spots 
cannot be eliminated due to health and safety reasons 
• Where the insulation joins are, there are heat spots. These could be reduced in 
number by using more of the same insulation, or investing in better insulation 
• The holes (used for checking air flow) are currently covered with a piece of 
tape. A plate needs to be used to cover tills. 
• Around the rim of the hood 
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• There is a gap between the conveyor and the hood as can be seen in the 
thennal imaging pictures shown in Figure 183 and F igure 184 
Figure 183 Rollers on conveyor down 
Hood 
Air Gap 
Pallet 
Figure 184 Rollers on conveyor up 
---~ --
. ---~ 
• Around the connection of the pipe work with the hood, better insulation is 
required 
After the imaging was undertaken, an investigation to see where the cold spots are on 
a mould took place. The moulds used were the origi nal moulds with the large holed 
mesh. 
The picture in Figure 185 explains points on the pictures that are then shown in 
F igure 186. 
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Figure 185 How the mould features show up on a thermal imaging picture 
Mould holder Mould holder 
Hat rim 
Steep sides of mould 
Top of hat 
Mould holder 
The hat rim does not appear on the majority of pictures, as the area that is 
predominantly more important is the meshed area. 
Four pictures of the 4 moulds are shown below: 
Figure 186 Thermal imaging views of the 4 mould positions 
Mould 1 Mould 2 Mould 3 Mould 4 
Although these pictures were taken one after the other, it is inevitable that some 
cooling will take place. Mould 4 had its photograph taken first, then Moulds 1, 2 and 
3. It is noticeable that there are some hot spots and cold spots over the mould. The 
back left hand side of mould 2 is noticeably colder than the remainder of the hat ; thi s 
is where the cold patch is. 
By looking at the mesh, it is tighter at the back of the mould than anywhere else. To 
see if it is the mould or the position causing the cold spots, mould 2 was moved to the 
position of mould I . The results are shown below: 
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.I'igure 187 Thermal imaging before swapping 
Mould 1 Mould 2 Mould 3 Mould 4 
Figure 188 Thermal irnaging after swapping 
Mould 1 (was 2) Mou.ld 2 (was I) Mould 3 Mould 4 
MouId 2 in position 1 seems to have a temperature profile equivalent to its original 
position before swappi ng, as does Mou.ld I in position 2. Although the new position 2 
now has a slight reduction in temperature at the top of the picture, it is less noticeable 
than in the new position I . 
Figure 189 is of mould 1 in position 2 slightl y after Figure 188. 
I'igure 189 Thennal imaging picture of mould I in position 2 slight ly afterl'igure ISS was taken 
This picture shows that although this is better, there is still a cooler spot at the back. 
6.7.3.1 Thermallmaging Conclusion 
The mesh characteristics are obviously significant in whether there will be a cold spot 
or not on the mould, but it is (to a lesser extent) linked to the airflow in each loop. 
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The amount offibre deposited on the areas where the mesh is more dense is reduced, 
so this probably also affects the airflow. There is a possibility that there may be too 
large a volume of air for the system, so blocking off one of the loops to see if thi s 
results in a more balanced system is an idea to investigate this. 
6. 7.4 Blocking (l Loop Off 
The airflow in the heating section is perhaps uneven due to the Wall theory. The 
theory suggests that air will flow down one particular path until it is encouraged to 
enter another path. Once the air has moved to another path, it then has to be forced to 
enter back into the original path. It may be why the heating loop airflow is uneven-
because more air is forced down one loop than the next. This would mean that there 
is not enough air in the system to ensure that all the loops get enough airflow. 
6. 7.4.1 Loop Blocked Method 
To investigate tbi s, one loop was blocked off, and then two and finally three to see if 
this improved consistency. tn theory, as the number of open loops decreases, the 
remaining loop(s) should become more consistent and reliable. The readings were 
obtained as in the previous experiments by the use ofan air flow meter. 
6. 7.4.2 Block one loop off: Results 
The results for the experiment are shown in Figure 190- Figure 193. 
--LOWEST 1 --- HIGHEST 1 
--+- LOWEST 2 --HIGHEST 2 
-.- LOWEST 3 --HIGHEST 3 
(Key for figures 191 - 194) 
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Figure 190 Blocking heating loop 4 off, results for loop I 
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Figure 191 Blocking heating loop 4 off, resu lts for loop Z 
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Figure 192 Blocking heating loop 4 off, results for loop 3 
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Figure 193 Blocking heating loop 4 off, Average results for the remai ning three loops 
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From inspection of the data in Figure 190- Figure 193, the airflow speeds in the 
remaining loops appear more dispersed than previously. Loops 2 and 3 were more 
consistent than loop 1. Figure 194 shows the highest and lowest values plotted, along 
with the values for the averages. 
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Figure 194 Effect of blocking off one loop-highest and lowest value averages for each loop 
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When looking at the data above it becomes apparent that by blocking off one loop, it 
has not improved the situation significantly. Improvement would be characterised by 
agreement between the average air speeds of the remaining loops. Loop 2 is more 
consistent than previously, which is an aim of this line of enquiry. 
6. 7.4.3 Block One Loop Off: Summary 
By reducing the number of loops the second loop has become far more consistent. So 
i1 is worth trying to block another loop ofT. 
6. 7.4.4 Blocking Two Loops Off: Results 
By blocking loops 3 and 4 off, the pattern that emerged differed from the previous 
graphs as shown in Figure 195 and Figure 196. 
--LOWEST 1 
-- LOWEST 2 
____ HIGHEST 1 
--lE- HIGHEST 2 
Key for Figure 195 and Figure 196 
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Figure 195 Effect of blocking 2 loops off on heating loop I 
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F igure 196 Effects of blocking 2 loops on heating loop 2 
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As the number of loops decreases, the difference between the remaining open loops 
also decreases. From this point of view it would be better ifthere were a different fan 
for each loop. Even with loops being blocked off, there were points on the mould that 
sti ll would not cure sufficiently. 
6. 7. 4. 5 Blocking Two Loops: Summary 
Each loop must have its own fan. Try a different formation of heating such as having 
the fan in line with the mould to reduce the turbulence. 
6.7.5 BafJ1e Plate/or Heating Hood 
To try to cause disturbance and mix the air more evenly in the heating hood, a baffie 
plate was inserted into one hood. 
6. 7.5.1 Baffle Plate J 
The baffie plate in Figure 197 was created to investigate if this would make the air 
flow more even: 
Figure 197 Baffle plate I 
The temperature was set at a constant va lue. 
The result was that the hat had a swirl affect on it and it was uncured. So the 
temperature was increased to see ifthjs would reduce the swirl affect, but it did not. 
Three hats were cured using this baffie plate, but all the hats bad a swirl of fibre, 
whjch was unsuited to Pal Internationals ' requirements. 
136 
6.7.5.2 Baffle Plate 2 
The baffle plate in Figure 198 was designed and constructed; the theory was that with 
the holes in the plate, this would reduce the swirl affect as the air is allowed to flow 
through a portion of the baffle plate. 
Figure L98 Baffle plate 2 
All the hats were uncured. This could be because the mould must have an ai rflow 
passing through it to allow for the fibres to cure. To try combating this issue, a 
differently shaped baffle was investigated. 
6. 7.5.3 Baffle Plate 3 
The baffle in Figure 199 was tested: 
Figure 199 Baffle plate 3 
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The hat remained uncured. 
6.7.5.4 Baffle Summary 
A baffle plate does not reduce the uncured section - in fact it increases it. So a baf!]e 
plate is not suited to this process. 
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6.8 Other Methods of Heating 
An oven was thought to be a more economical method of heating and a possible 
alternative to the large heating loops. An oven was heated to 130°C and when 
stabi li sed the mould was inserted into the oven and left there for 30seconds. The fibre 
did not cure. So the temperature was increased to 180°C. After I minute the fibres 
started to cure in places. This suggests that in order to increase the cycle time, the 
airflow speed is increased. If an oven were to be used, then a higher temperature 
would be required with airflow to achieve a suitable cycle time. 
6.9 Heating Loop Conclusion 
The heating loop lost too much heat and had a very unpredictable airflow so further 
work is required to resolve this. 
6.10 Heating Loop Further work 
A baffle plate is unsuited to the process. Each loop must have its own fan. It is worth 
investigating putting the fan after the heaters (directly above the mould) to see if this 
reduces the uncured patches on the product. Perhaps the pipe used should be of the 
same diameter as the mould to allow more even airflow. The heating loops must be 
made more consistent before it can be used for production. The insulation must be 
improved to reduce heat loss. 
One heating loop was changed as shown in Figure 200. 
continued ... 
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Figure 200 New format ion for the heating loop 
The loop was separated from the other loops so that the air only flowed around the 
one loop and could not be interfered with. One loop was investigated to see if that 
idea worked. After several trials it was discovered that the curing was improved and 
the cold patch had di sappeared. A set 0[20 trials was undertaken. With the heaters 
set at 140°C and the fan set at 80%. It was found that all hats cured successful 
without any cold spots. 
Based on the results, it was decided that it would be worth duplicating the one loop 
for three more loops to make the total of four loops in the heating section. 
The next section outlines briefly the overall process diagram showing how all the 
slalians involved in manufacturejit together. 
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7.0 T he New Machine 
711is section discusses the jinal machine design. and outlines some of the short 
coming.I' in this report, 
7.1 Findings to be implemented in the fina l machine 
The following points are considered to be the final issues that need implementing 
before the machine can reach its full production capability. These points are made 
earl ier in the thes is. 
7.1.1 Deposition Section 
• A preopener should be purchased 
• A new carding machine is required 
• The deposition duct shou.ld have a maximum ang.le of7 degrees from vertical 
• The system should have only one deposition station 
• The system should have a transparent duct so that any anoma.lies in deposition 
can be viewed 
7.1.2 Moulds 
• Use fine mesh for the mould 
• Use a small mould holder with no scratches or screw heads showing 
7.1.3 Heating Section 
• improve the insulation 
• Move the fan to above the mould position 
• Reduce the size of the heating loops to reduce wasted energy 
• Use pipe work with a consistent diameter and cross sectional area throughout 
• Move the heating loop around one position from station 2 to station 3 to allow 
for inspection of the product prior to heating 
7.2 lm plementation of Findings 
The machine has had many of the findings in this report implemented, and this section 
details those changes. The layout of the machine is given, and photographs are used to 
show the new machine as it now appears with description given of the elements of 
interest in the photograph. 
7.2.1 Pallet Positions 
It has been agreed that the pallet positions should be as follows: 
140 
Stn 6 Stn 1 Stn 2 
1 ()8)'N 2 ConvA 
5 UNLOAD 4 (PRINT) 3 HEATING ConvC 
Stn 5 Stn 4 Stn 3 
This is seen as the most suitable positioning. lfthere are any problems with tbe 
deposition, it can be picked up before the moulds enter the curing station. This wi ll 
therefore reduce the amount of waste produced as the fibre can be reused ifit has not 
gone into the heating chamber fo r curing. Once the product has been cured it can then 
go into a printing station - if the product requires a motif - before returning to an 
unload station. The product would then be removed from the mould and be packed 
whilst the pallet moves to station 6 in preparation to enter the deposition chamber. 
7.2 T he New Machine 
After the research outlined previously in this report was completed, Pal International 
bui lt a machine based on some of the principles examined. The result is a mach.ine as 
sh.own in Figure 201 - Figure 204 . 
. Figure 201 Overview of the machine 
Deposition 
Station 
Product 
removal 
station 
Heating 
station 
Secondary 
duct 
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Figure 202 The new deposition phase 
Carding 
Machine 
Deposition 
Duct 
Figure 203 The Secondary duct 
Secondary duct 
exhaust 
Secondary duct 
deposition box 
Deposition 
fan 
Extraction 
pIpe 
Carding machine 
Secondary Duct 
pipework 
Secondary duct fan 
142 
Figure 204 The new healing loops 
Front view 
Individual 
fan for 
each loop 
Side View 
2 Heaters 
together 
on each 
loop 
The machine operates as it did previously, but it now has a working conveyor. The 
deposition duct remains a compromise. However, the heating loops are now separate 
with each having its own fan and heaters. 
7.3 Corn parison of original and final design 
Below is a table that compares the original state of the machine and the final machine 
design: 
Original Machine Final Design Reason for Change 
Deposition station situated A spare space has been Allows for inspection of 
next to heating station placed where the heating deposition prior to heating 
station used to be, and 
tbe heating station 
moved around I place 
Deposition duct with 90 Straight deposition duct Increase laminar flow and 
degree bend reduce streamers 
Deposition duct flared at the Deposition duct bottom To try to encourage laminar 
bottom smaller flow within the limitations 
imposed by Pal 
International. 
Two mould deposition One deposition position Improve deposition by 
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positions reducing the production of 
streamers 
Interna l deposition duct had Some scratches removed Prevent streamer build up 
scratches and screw heads and screw heads covered 
exposed 
Deposition time IOminutes Deposition time 30 Reduce cycle time 
seconds 
Moulds made of coarse Moulds made of fine After investigation of 
mesh mesh different mould materials, 
it was decided that the finer 
mesh provided the 
preferred finish 
Heating Loop had one fan Heating loop has an To obtain consistency of 
for 4 loops individual fan for each airflow speed in the loops 
loop 
Large heating loops Heating loops are 113 of Reduce heat loss and 
the original size ' stored ' energy 
Fan diagonally mounted Fan mounted above To obtain laminar flow of 
from mould heating position mould heating position air during heating 
Insulation falling off Higher specification Reduce heat loss in the 
proprietary insulation heating loops 
that can not ' fall' off 
The heating section had The heating section has The butterfly valves fai led 
butterfly valves used to all slide valves to work properly once 
direct air with 1 set of slide heated up 
valves 
7.4 Limitations 
There are a number of limitations with the readings obtained: 
• The probe may not have been perfectly perpendicular to the airflow, and as 
such would produce a different reading due to sine and cosine errors. Within 
the heating loop this was less of an issue as the probe was turned until the 
highest reading was obtained. However, it was held in position, and the probe 
may have moved slightly during the readings. Within the deposition 
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experiment, the probe was positioned by eye, so some slight inaccuracies may 
have occurred. The probe was stationary - fixed to the mould so that it would 
not move 
• Human error in the readings. As the readings changed constantly it was hard 
to be sure of the exact readings 
• The sampling rate of the digital air flow meter will affect the data values 
obtained, as it may miss a peak or trough value of the air speed. 
• The moulds were all slightly different due to the way they were manufactured. 
This could have slightly affected results, as the mesh may be more tightly 
bunched in one location on one mould that is not bunched on that location on 
another mould. However, the results are significantly different for each loop, 
so it is not anticipated that this will cause the results to be very different as the 
loop characteristics will be the dominant factor 
• The environment whether it be heat or humidity affects the machine. Each set 
of readings was taken on the same day to allow for some comparison 
• There is a reliance on the machine running at the same settings each time 
However, even with the numerous limitations it is believed that the results are reliable 
enough to draw conclusions. 
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8.0 Conclusions and Recommendations for Further Work 
The process has been developed from an initial concept to a production machine with 
a number of deviations from the theory due to Pal Lnternationals own specification 
and desires. 
The report detailed the theory that explains many of the anomalies that arose with the 
machine. This allowed for the machine to be redesigned into a machine that produces 
hats. The machine was very complex and took time to understand. 
The fibre chosen for this process was polyethylene/polypropylene mainly due to its 
use within the hygiene wear industry. Future investigation into other suitable fibres 
may improve the process further. 
The deposition section had numerous compromises, which has made the process less 
efficient. If in the future Pal International wishes (0 improve the process, then there is 
scope for this. 
The heating loop, though energy inefficient, does cure the hats to the required 
standard, and can be considered a success. 
The end result was a machine that would produce hats as desired by Pallnternational. 
Having said that, there are some recommendations of further work that could be 
completed to improve the machine further. 
In the deposition section, the recommendations are: 
I. Redesign the ductwork into a more suitable shape. The carding machine may 
need to move to the floor and the mou.lds turned through 90°. Alternatively, 
the carding machine could be situated above the deposition chamber to allow 
for a direct line of deposition without curves. Further investigation is required 
to find the most suitable method. This configuration was trialled and a patent 
ex.ists detailing this. The duetwork should have 2 parallel sides and two sides, 
which converge, towards the mould, with the air being at 7° or less (101) 
Or 
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Move the carding mactline above the deposition duct so that the fibres land on 
the moulds with the help of gravity and a fan pulling the fibres through. This 
would make it more efficient and would be cheaper to use and run. 
2. Preopen the fibres prior to carding. 
3. Research methods for controlling the quantity of fibres processed. 
4. Measure the air flow in each of the ducts to balance them 
5. Investigate further any bias of the carding machine 
6. Measure the airflow at different points around the mould to see how the 
airflow alters. 
7. To achieve the desired cycle time a new carding machine is required that is 
designed specifically for the fibre that is to be used. 
Regarding the mou.ld, the further work required includes: 
I . Ensure the mould holders have no sharp edges/scratches and are as small as 
possible. 
2. Reduce the gradient of the mould. The mould should not have a gradient of 
less than 80° at any point. 
3. Try using other types of materials to make the mould such as fine mesh, which 
would reduce the mesh affect and prevent fibres catching. A rapid prototype 
polymer or resin mould may be suitable; having similar affects to as above; 
apart from different hole sizes can be used. A casting could be used, with 
holes drilled of different sizes to aid the deposition process. 
4. Try rotating the mould to allow for the mould to be in every position, reducing 
unevenness. 
All these would be dependent upon the heating method chosen. 
In the heating section, the recommendations are: 
1. Obtain an airflow meter and temperature device and take readings all a]ong the 
pipe work in each loop to see if they are even throughout the whole pipe. 
From this it will then be possible to discover more specifically where the 
problems are. 
2. Try blocking one loop off at a time to see how this affects the air flow 
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3. Take air flow readings at one section ofthe duct work to see how it varies over 
the area of the pipe work 
4. Try using a baffle plate inside the ducting 
5. Try having the heater situated behind tbe fan instead of in front 
6. Use better insulation around the pipe work 
7. Investigate other methods of heating the hats such as using an oven 
8. Ifthe pipe work is to remain, then aim to have the same diameter pipe work 
throughout 
All the above needs further investigation before any money should be consigned to 
building or modifying new equipment. 
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Appendix 1 
Data for F igure 70 A irflow in deposition duct without any baffles in Loop J 
Low 1 High 1 Low 2 High Low 3 High 3 Low 4 High 4 LowS High S 
ime (s) I (mls) (mls) (mls ) 2(mls) (mls) (mls) (mls) (mls) (mlsl ~mls) 
D-15 4.3 4.5 4.2 4.5 4.3 4.5 4.2 4.6 4.3 4.5 
16-3D 3.9 4.6 4.1 4.5 4.4 4.5 4.2 4.5 4.2 4.5 
31-45 4.3 4.5 4.1 4.5 4.3 4.5 4.3 4.5 4.3 4.5 
'16-60 4.2 4.4 4.3 4.5 4.2 4.5 4.3 4.5 4.1 4.5 
01 -75 4.3 4.5 4.2 4.5 4.2 4.5 4.3 4.6 4.3 4.5 
176-90 4.3 4.5 4.4 4.5 4.4 4.5 4.4 4.5 4.3 4.5 
/31-105 4.3 4.4 4.3 4.5 4.4 4.5 4.3 4.5 4.1 4.4 
106-120 4.3 4.5 4.4 4.3 4.3 4.4 4.3 4.5 4.3 4.4 
121-135 4.3 4.4 4.1 4.5 4.4 4.5 4.5 4.4 4.3 4.5 
136-150 4.4 4.4 4.3 4.5 4.2 4.5 4.1 4.5 4.2 4.5 
151-165 4.4 4.6 4.3 4.5 3.9 4.5 4.4 4.6 4.2 4.5 
166-180 4.3 4.4 4.4 4.5 4.1 4.5 4.3 4.5 4.3 4.5 
181-195 4.4 4.5 4.4 4.5 4.4 4.5 3.9 4.4 4.2 4.5 
196-210 4.2 4.4 4.4 4.5 4.2 4.5 4.2 4.5 4.2 4.5 
~11-225 4.4 4.4 4.4 4.5 4.3 4.4 4.4 4.5 4.3 4.5 
~25-240 4.4 4 .5 4.3 4.5 4.4 4.5 4.4 4.5 4.3 4.5 
D F fI fI Data or igure 71 Air ow in deposition duct Without any baf es ID Loop 2 
rrime Low 1 High 1 Low 2 High 2 Low3 High 3 Low 4 High 4 LowS High S 
s) (mls) (m/s) (mls) (mls) (m/s) (mls) (mls) (m/s) (m/s) (m/s) 
0-1: 4.8 5.2 4.9 5.3 4.6 5.3 4.8 5.0 4.7 5.0 
16-3C 5.0 5.2 4.8 5.1 4.7 5.1 4.6 5.0 4.6 5.0 
31-4: 4.8 5.1 4.8 5.1 4.7 5.0 4.7 5.2 4.7 50 
46-6C 4.9 5.2 4.8 5.1 4.8 5.1 4.6 5.0 4.8 5.0 
61-n 4.8 5.1 4.9 5.2 4.9 5.1 4.6 5.0 4.8 5.0 
76-9C 4.7 5.2 4.8 5.1 4.6 4.9 4.9 5.2 4.7 5.1 
91-1 D: 4.7 5.2 4.8 5.2 4.9 5.1 4.8 5.0 4.7 5.1 
106-12C 4.9 5.1 4.7 5.1 4.6 5.2 4.5 5.0 4.8 5.0 
121-13: 4.8 5.1 4.8 5.2 4.8 5.1 4.6 5.0 4.3 5.0 
136-15C 4.8 5.2 4.8 5.2 4.7 5.0 4.8 5.0 4.8 5.0 
151-16: 4.8 5.1 4.8 5.2 4.8 5.0 4.9 5.0 4.7 5.0 
166-18C 4.8 5.2 4.9 5.1 4.7 5.2 4.7 5.1 4.7 5.1 
181-19: 4.5 5.1 4.6 5.1 4.9 5.3 4.6 5.2 4.7 5.0 
196-21C 4.6 5.2 4.8 5.2 4.7 5.2 4.5 5.0 4.6 4.9 
211 -22: 4.8 5.1 4.9 5.3 4.9 5.0 4.6 5.0 4.6 5.1 
225-24C 4.8 5.1 4.8 5.1 4.8 5.1 4.7 5.2 4.8 5.1 
Data for F i ure 72 Airflow in de osition duct without an baffles in Loo 3 
Low 1 High 1 Low 2 High 2 High 3 High 4 LowS High S 
(mls) mls) (mls) mls) mls) mls) (mls (mls) 
4.4 4.8 4.2 4.6 4.6 4.6 4.2 4.3 
4.5 4.9 4.3 4.5 3.9 4.3 4.1 4.6 4.2 4.3 
4.6 4.8 4.3 4.6 3.9 4.4 3.8 4.7 4.1 4.5 
4.4 4.8 4.2 4.7 4.2 4.5 4.2 4.7 3.7 4.4 
4.5 4.7 4.3 4.7 4.3 4.6 4.2 4.5 4.1 4.7 
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76-90 4.4 4.8 4.2 4.7 3.9 4.6 4.1 4.3 4.2 4.6 
91-105 4.5 4.8 4.3 4.7 4.2 4.5 4.2 4.4 4.1 4.4 
106-120 4.4 4.7 4.5 4.7 3.9 4.3 4.0 4.6 4.2 4,3 
121-135 4.5 4.7 4.3 4.6 3.9 4.7 4.2 4.7 4.0 4,3 
136-150 4.3 4,7 4,3 4,6 4,1 4.5 4.1 4.5 3.9 4,2 
151-165 4.4 4.7 4.3 4.7 4.2 4.5 4.2 4.5 4.1 4.6 
166-180 4.3 4.6 4.3 4.5 3.9 4.5 4.3 4.5 3.9 4.4 
181-195 4.5 4.7 4.3 4.5 4.2 4.5 4.1 4.4 4.2 4.3 
196-210 4.5 4.7 4.2 4.6 4.3 4.6 4.1 4.5 3.9 4.3 
211-225 4.4 4.7 4.3 4.6 4.2 4.5 4.0 4.5 4.0 4.3 
225-240 4.5 4.7 4.3 4.6 4.2 4.5 3.8 4.3 4.1 4.3 
D tI F' ala or Igure 73 A' fI ' d Ir ow 10 T d t 'th t b ffl' L e.£l.osl IOn uc WI ou any. a es lO 00.£l. 4 
Low 1 High 1 Low 2 High 2 Low 3 High 3 Low 4 High 4 LowS High S 
Time (s' I (mls) (mls) (mls) (mls) (mls) (mls) (mls) (mls) (mls) (mls) 
0-15 4.7 4.8 4.7 4.9 4.7 4.8 4.7 4.9 4.7 4.9 
16-30 4.6 4.8 4.8 4.9 4.6 4.7 4.6 4.8 4.7 4.8 
31-45 4.6 4 .9 4.7 4.9 4.6 4.8 4.6 4.9 4.8 4.9 
46-60 4.7 4.8 4.7 4.8 4.7 4.9 4.7 4.8 4.7 4.8 
61-75 4.7 4.8 4.7 4.8 4.7 4.8 4.7 4.8 4.7 4.9 
76-90 4.6 4.8 4.7 4,8 4.6 4.8 4.7 4.8 4.7 4.9 
91-105 4.7 4.8 4.7 4.9 4.7 4.8 4.7 4.8 4.7 4.8 
106-120 4.7 4.8 4.7 4,8 4.7 4.9 4.7 4.8 4.7 4.8 
121 -135 4.6 4.8 4.7 4.8 4.7 4.8 4.7 4.8 4.7 4.8 
136-150 4.7 4.8 4.7 4.8 4.7 4.8 4.7 4.8 4.6 4.8 
151-165 4.7 4.9 4.7 4.8 4.8 4.8 4.7 4.8 4.7 4.8 
166-180 4.7 4.8 4.7 4.8 4.7 4.9 4.7 4.8 4.7 4.8 
181-195 4.6 4.8 4.7 4.8 4.7 4.8 4.7 4.8 4.7 4.8 
196-210 4.6 4.8 4.7 4.9 4.7 4.8 4.7 4.8 4.7 4.8 
211-225 4.6 4.7 4.7 4.8 4.6 4.8 4.7 4.8 4.7 4.8 
225-240 4.7 4.8 4.7 4.8 4.6 4.8 4.7 4.8 4.8 4.8 
Data for Figure 74 Average airflow speed fo r each loop 
Data obtaine d ' 1 f il th d h' d b\ takingthe mean va ue 0 a e ala at eac tune peno 
Time (s) Average Loop 1 
(lnJs) 
Average Loop 2 
(lnJs) 
Average Loop 3 
(in/S) 
Average Loop 4 
'(mls) 
0-15 4.4 5.0 4.4 4.8 
16-30 4.3 4.9 4.4 4.7 
31-45 4.4 4.9 4.4 4.8 
'1.6-60 4.4 4.9 4.4 4.8 
01-75 4.4 4.9 4.5 4.8 
176-90 4.4 4.9 4.4 4.7 
/1.1-105 4.4 5.0 4.4 4.8 
106-1 20 4.4 4.9 4.4 4.8 
121-135 4.4 4.9 4.4 4.7 
136-150 4.4 4.9 4.3 4.7 
151-165 4.4 4.9 4.4 4.8 
166-180 4.4 5.0 4.3 4.8 
181-195 4.4 4.9 4.4 4.7 
196-210 4.4 4.9 4.4 4.8 
121 1-225 4.4 4.9 4.4 4.7 
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g 25-240 4.4 5.0 4.3 4.8 
Data for Figure 75 Lowest Average Values for the 4 loops 
Data obtained by taking the average of all the lowest values obtained at a given time 
. d peno 
Time (5) Loop 1 Average Loop 2 Average Loop 3 Average Loop 4 Average 
Low (m/s) Low (m/s) Low (mls) Low (m/s) 
0-15 4.3 4.8 4.2 4.7 
16-30 4.2 4.7 4.2 4.7 
[31 -45 4.3 4.7 4.1 4.7 
46-60 4.2 4.8 4.1 4.7 
t31-75 4.3 4.8 4.3 4.7 
76-90 4.4 4.7 4.2 4.7 
91-105 4.3 4.8 4.3 4.7 
106-120 4.3 4.7 4.2 4.7 
121-135 4.3 4.7 4.2 4.7 
136-150 4.2 4.8 4.1 4.7 
151-165 4 .2 4.8 4.2 4.7 
166-180 4.3 4.8 4.1 4.7 
181-195 4.3 4.7 4.3 4.7 
196-210 4.2 4.6 4.2 4.7 
211-225 4.4 4.8 4.2 4.7 
225-240 4.4 4.8 4.2 4.7 
Data for Figure 76 Highest average airflows for the 4 loops 
Data obtained by taking the average of all the highest values obtained at a given time 
'd peno 
Time (5) Loop 1 Average Loop 2 Average Loop 3 Average Loop 4 Average 
High (m/sl High (m/sl High (m/s) High (m/s) 
0-15 4.5 5.2 4.6 4.9 
16-30 4.5 5.1 4.5 4.8 
~1-45 4.5 5.1 4.6 4.9 
116-60 4.5 5.1 4.6 4.8 
61-75 4.5 5.1 4.6 4.8 
76-90 4.5 5.1 4.6 4.8 
$1-105 4.5 5.1 4.6 4.8 
106-120 4.4 5.1 4.5 4.8 
121-135 4.5 5.1 4.6 4.8 
136-150 4.5 5.1 4.5 4.8 
151-165 4.5 5.1 4.6 4.8 
166-180 4.5 5.1 4.5 4.8 
181-195 4.5 5.1 4.5 4.8 
196-210 4.5 5.1 4.5 4.8 
211-225 4.5 5.1 4.5 4.8 
225-240 4.5 5.1 4.5 4.8 
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Data for Figure 78 Average Results of airflow in the 4 loops with the baffle edge 
at 12 O' clock 
Raw Data: 
L I oap 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (s) (m/s) (m/s) (m/s) fm/s) (m/s) (m/s) oop 1 (m/s) 
0-15 4.3 4.4 4.3 4.5 4.1 4.3 4.3 
16-3C 4.3 4.4 4.3 4.5 4.2 4.3 4.3 
31-4: 4.3 4.4 4.2 4.4 4.1 4.3 4.3 
46-6C 4.4 4.4 4.3 4.5 4.1 4.3 4.3 
61-7: 4.3 4.4 4.3 4.5 4.1 4.3 4.3 
76-9C 4.3 4.4 4.2 4.5 4.1 4.3 4.3 
91-105 4.3 4.4 4.2 4.4 4.1 4.3 4.3 
106-12~ 4.4 4.5 4.3 4.5 4.1 4.3 4.35 
121-135 4.3 4.4 4.2 4.5 4.1 4.3 4.30 
L 2 oop 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 ~verage Loop 
tTime Is) (m/s) (m/s) (rn's) (m/s) (rn's) (m/s) 2 (m/s) 
0-15 4.8 5.0 5.0 5.1 4.6 5.0 4.9 
16-3G 4.9 5.0 4.8 5.0 4.6 5.0 4.9 
31-45 4.9 5.1 4.9 5.0 4.7 5.1 5.0 
46-60 4.9 5.1 5.0 5.1 4.7 5.0 5.0 
61-75 4.9 5.1 4.8 5.0 4.5 4.9 4.9 
76-9C 4.9 5.1 4.8 5.0 4.8 5.0 4.9 
91-105 4.8 5.0 4.7 5.0 4.7 5.0 4.9 
106-120 4.8 5.0 4.9 5.0 4.6 5.0 4.9 
121-135 4.8 5.1 4.9 5.1 4.8 5.0 5.0 
L 3 oap 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 IAverage Loop 
tT'ime Is) (rn's) fm/s) (m/sI fm/sI (m/s) fm/sI 3 {m/sI 
0-15 4.8 5.1 4.5 5.0 4.2 4.5 4.7 
16-30 4.8 5.0 4.4 4.9 4.1 4.5 4.6 
31-45 4.6 4.9 4.7 4.9 4.1 4.3 4.6 
46-60 4.9 5.2 4.7 4.9 3.9 4.3 4.7 
61-75 4.5 4.9 4.2 5.0 4.0 4.4 4.5 
76-9C 4.6 4.9 4.5 5.0 4.1 4.5 4.6 
91-1OC 4.8 5.0 4.6 4.9 4.1 4.5 4.7 
106-12C 4.7 4.9 4.4 5.0 4.1 4.3 4.6 
121 -135 4.5 4.8 4.5 4.9 4.1 4.5 4.6 
Loop 4 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 !'verage Loop 
[rime (s) (mts) (m/s) (mts) (mts) (m/sI fm/s) 4 (m/s) 
0-1: 4.6 4.8 4.6 4.9 4.6 4.9 4.7 
16-3C 4.8 4.9 4.7 4.9 4.7 5.1 4.9 
31-4: 4.7 4.8 4.7 4.9 4.7 4.9 4.8 
46-6C 4.5 4.9 4.7 4.9 4.7 4.9 4.8 
61-70 4.6 4.9 4.7 4.9 4.8 4.9 4.8 
76-9C 4.7 4.9 4.7 4.8 4.7 4.9 4.8 
91 -10E 4.7 4.9 4.7 4.9 4.7 4.9 4.8 
106-12C 4.7 4.8 4.6 4.9 4.7 4.9 4.8 
121-13~ 4.6 4.8 4.7 4.9 4.5 4.9 4.7 
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Average Values used for Average Results witb Baffle a t 12 O 'clock Position 
D I I t d b k' th I fi h loop at a given time period ata ca cu a e ))' ta. inK e mean va ue or eac 
n-ime (5) 
Loop 1 Loop 2 Loop 3 Loop 4 
(m/s) (m/s) (m/s) (m/s) 
0-1E 4.3 4.9 4.7 4.7 
16-3C 4.3 4.9 4.6 4.9 
31-4E 4.3 5.0 4.6 4.8 
46-BC 4.3 5.0 4.7 4.8 
61-7t' 4.3 4.9 4.5 4.8 
76-9C 4.3 5.0 4.6 4.8 
91 -10E 4.3 4.9 4.7 4.8 
106-12C 4.4 4.9 4.6 4.8 
121-13E 4.3 5.0 4.6 4.7 
Data for F igure 79 Averages with only loops 1, 3 a nd 4 baving a baJlle pla te in 
them at tbe 12 O ' clock position 
Raw Data for Averages with only loops 1,3 and 4 having a baftle plate in them at the 
12 O'clock position Graph 
L 1 oap 
Low 1 High 1 Low 2 High 2 Low 3 High 3 Low 4 High4 Average Loop 1 
Time Cs Cm/s) (m/s) Cm/s) Cm/s) Cm/s) Cm/s) Cm/s) Cm/s) (m/s) 
0-1 , 3.8 4.0 3.8 4.1 4.2 4.5 4.1 4.5 4.1 
16-3C 3.8 3.9 3.8 4.1 4.4 4.7 4.1 4.5 4.2 
31-4~ 3.8 4.0 3.6 4.0 4.5 4.7 3.8 4.4 4.1 
46-BC 3.7 3.9 3.8 4.0 4.5 4.7 4.3 4.5 4.2 
61-7E 3.7 4.0 3.9 4.0 4.4 4.7 4.1 4.5 4.2 
76-9(: 3.7 3.9 3.8 4.0 4.4 4.6 3.8 4.6 4.1 
91-10E 3.8 3.9 3.8 4.0 4.4 4.6 4.3 4.6 4.2 
106-12C 3.7 3.9 3.9 4.0 4.4 4.6 4.0 4.6 4.1 
121-13~ 3.7 3.9 3.8 4.0 4.4 4.6 4.1 4.5 4.1 
Loop 2 
Low 1 High 1 Low 2 High 2 Low 3 High 3 Low 4 High4 Average Loop 2 
TIme Cs (m/s) Cm/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (lnIs) 
0-1 E 5.3 5.6 5.6 5.9 4.3 4.9 4.3 4.8 5.1 
16-3C 4.9 5.6 5.7 5.9 4.1 4.7 4.2 4.7 5.0 
31-4E 5.2 5.6 5.6 5.8 3.9 4.8 4.3 4.6 5.0 
46-B( 5. 1 5.7 5.7 5.8 4. 1 4.7 4.2 4.7 5.0 
61-7E 5.3 5.6 5.7 5.9 4.1 4.8 4.3 4.7 5.1 
76-9C 5.2 5.6 5.7 5.9 4.0 4.7 4.2 4.6 5.0 
91-10t' 5.2 5.8 5.6 5.9 4.2 4.4 4.2 4.7 5.0 
106-12C 5.2 5.5 5.7 5.8 3.9 4.5 4.2 4.6 5.0 
121-13E 5.2 5.8 5.6 5.8 3.9 4.5 4.2 4.7 5.0 
Loop 3 
Low 1 High f low2 High 2 Low3 High 3 low 4 High 4 Average loop 3 
Time (5 (m/s) (m/s) Jm/~ -,-m/s) Cm/s) Cm/s) Cm/s) Cm/s) (m/s) 
0-1E 4.4 4.6 4.1 4.6 5.8 6.1 5.1 5.6 5.0 
16-3C 4.4 4.7 4 4.6 5.8 6.1 5.2 5.6 5.1 
31-4E 4.3 4.6 4.1 4.6 5.8 6.1 5.3 5.6 5.1 
46-BC 4.0 4.7 4.2 4.5 5.9 6.1 5.4 5.7 5.1 
61-7E 4.1 4.6 4.2 4.6 5.9 6.1 5.5 5.7 5.1 
76-ge 4.3 4.7 4.1 4.6 5.7 6.1 5.5 5.7 5.1 
91-10E 4.1 4.6 4.2 4.5 5.9 6.1 5.3 5.6 5.0 
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I 106-12Q 4.1 4.8 I 4.2 I 4.6 I 5.8 I 6.1 5.4 5.6 I 5.1 
L 121-13.sL 4.2 4.8 I 4.1 I 4.5 I 5.8 6.1 5.4 5.61 5.1 
Loop 4 
Low 1 High 1 Low 2 High 2 Low 3 High 3 Low 4 High 4 Average Loop 4 
(IruS) Time (5 (mlS) (mlS) (mlS) (mlS) (mlS) (mlS) (mlS) (mlS) 
0-1 ~ 4.4 4.8 4.5 4.6 3.9 4.2 4. 1 4.3 4.4 
16-3C 4.5 4.8 4.4 4.6 4.0 4.1 4.1 4.2 4.3 
31-4~ 4.4 4.6 4.4 4.7 4.1 4.3 4.1 4.3 4.4 
46-6C 4.5 4.8 4.5 4.7 4.1 4.3 4.1 4.3 4.4 
61 -7~ 4.4 4.6 4.4 4.6 4.0 4.1 4.1 4.3 4.3 
76-9C 4.5 4.7 4.4 4.7 4.0 4.1 4.1 4.3 4.4 
91-10.5 4.4 4.8 4.3 4.7 4.0 4.1 4.2 4.4 4.4 
106-12C 4.3 4.7 4.4 4.7 4.0 4.1 4.2 4.4 4.4 
121-135 4.5 4.7 4.3 4.6 3.8 4.1 4.1 4.3 4.3 
Values calculated for Averages with only loops 1,3 and 4 having a baffle plate in 
them at the 12 O'clock position 
D lul db aki th ata ca c ate Jy t ng e mean va ue or eac h loop at a given time period 
Loop 1 Loop 2 Loop 3 Loop 4 
Time/s (m/s) (mls) (m/s) (m/s) 
0-1 E 4.1 5.1 5.0 4.4 
16-3C 4.2 5.0 5.1 4.3 
31-4E 4.1 5.0 5.1 4.4 
46-6C 4.2 5.0 5.1 4.4 
61-7E 4.2 5.1 5.1 4.3 
76-9~ 4.1 5.0 5.1 4.4 
91-1 DE 4.2 5.0 5.0 4.4 
106-12C 4.1 5.0 5.1 4.4 
121-13E 4.1 5.0 5.1 4.3 
Data for Figure 81 Average results of airflow in tbe 4 loops with a baffle plate in 
each 
Raw Data: 
L 1 oap 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 f/l.verage Loop 
'Time (5) (mls) (mls) (mls) fmls) (mls) fmls) 1 (IruS) 
0-15 4.4 4.6 4.4 4.6 4.8 4.9 4.6 
16-30 4.5 4.6 4.5 4.6 4.8 5.0 4.7 
31-4: 4.5 4.6 4.5 4.6 4.9 5.0 4.7 
46-6C 4.4 4.6 4.4 4.6 4.9 5.0 4.7 
61-lE 4.4 4.6 4.4 4.6 4.9 5.0 4.7 
76-90 4.4 4.6 4.4 4.6 4.9 4.9 4.6 
91-1 O~ 4.3 4.7 4.5 4.6 4.8 4.9 4.6 
106-12C 4.4 4.6 4.5 4.6 4.9 5.0 4.7 
121-13: 4.3 4.5 4.3 4.6 4.8 4.9 4.6 
loo 2 
.me (5) 
0-1 
16-3 4.9 5.1 4.1 4.8 
31-4 4.8 5.0 4.7 5.0 4.0 4.5 4.7 
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4.8 5.1 4.8 5.1 4.0 4.4 4.7 
4.9 5.1 4.5 5.1 4.0 4.4 4.7 
4.9 5.1 4.9 5.1 3.7 4.4 4.7 
4.9 5.1 4.8 5.1 4.2 4.7 4.8 
4.6 5.0 4.9 5.1 3.9 4.4 4.7 
4.7 5.1 4.8 5.0 4.3 4.7 4.8 
L 3 oop 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 IAverage Loop ~ime (s) (mls) (mlS) (m/s) (mls ) (m/s) (mls) 3 (m/s) 
0-1~ 4.9 5.2 4.7 5.0 4.2 4.9 4.8 
16-3C 4.8 4.9 4.7 4.8 4.3 4.9 4.7 
31-4: 4.7 5.0 4.8 5.0 4.4 4.9 4.8 
46-6C 4.8 4.9 4.7 5.1 4.3 5.0 4.8 
61-75 4.7 4.9 4.7 4.9 4.2 4.5 4.7 
76-9C 4.8 4.9 4.8 5.1 4.2 4.6 4.7 
91-105 4.7 4.9 4.7 5.1 4.2 4.5 4.7 
106-120 4.8 5.0 4.7 5.0 4.2 4.4 4.7 
121-135 4.8 4.9 4.7 5.0 4.3 4.9 4.7 
Loop 4 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average Loop 
!ime (s ) (m/s) (m/s ) (mls) (m/s ) (mls) (mls) 4 (m/S) 
0-15 4.7 4.8 4.6 4.8 4.7 5.0 4.8 
16-30 4.6 4.8 4.6 4.8 4.8 5.0 4.8 
31-45 4.6 4.8 4.6 4.8 4.7 5.0 4.8 
46-60 4.8 4.8 4.6 4.8 4.7 5.0 4.8 
61-75 4.7 4.8 4.6 4.8 4.8 5.0 4.8 
76-90 4.7 4.8 4.6 4.7 4.7 5.0 4.8 
91-105 4.7 4.8 4.6 4.8 4.7 4.9 4.8 
106-120 4.6 4.8 4.5 4.7 4.B 4.9 4.7 
121-135 4.7 4.8 4.5 4.8 4.8 4.9 4.8 
Data for Figure 82 Comparison of the effect of baving the baffle plate edge 
orientated at 12 O'clock as opposed to having the centre of the ga p or ientated at 
12 O'clock 
entre 
Ed e 4.2 4.4 5 .. 0 4.4 4.8 4.7 
Data for Figu re 83 Position of points on the mould used for investigation °Figure 
97 Average Res ults for various points on the mould 
Data calculated by taking the mean value for each loop at a given time period from 
data below 
Point 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Time (5) mls) I (mls) m/s mls mls (mls) mls ) mls (mls) (mls) mls (mls mls 
0-5 4.9 2.5 5.6 5.3 4.8 3.7 4.2 4.9 4.8 9.0 7.8 7.7 6.2 
6-10 4.7 2.3 5.7 5.2 4.9 3.7 4.2 4.9 4.9 9.1 7.9 7.0 6.2 
11 -15 5.0 2.5 5.6 5.2 4.9 3.7 4.1 5.0 5.0 9.1 B.O 7.6 6.2 
16-20 5.1 2.4 5.5 5.2 4.9 3.9 4.3 4.9 5.0 9.0 7.8 7.5 6.1 
21-25 4.8 2.1 5.5 5.3 5.0 3.7 4.3 4.9 4.7 9.1 7.7 7.9 6.1 
26-30 4.9 2.6 5.7 5.4 4.9 3.7 4.3 4.9 4.8 9.1 7.6 7.3 6.2 
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31-35 4.5 2.4 5.7 5.2 4.9 3.7 4. 1 5.0 4,6 
36-40 5,0 2,9 5.7 5,3 4.9 3,8 4.2 4.9 4.8 
41-45 4,6 2.3 5,7 5,3 4,9 3,6 4,3 5.0 4.7 
46-50 5,0 2.2 5,7 5,3 5,0 3,7 4.2 5.0 4.9 
51-55 4.8 2.3 5,6 5,3 4,9 3.7 4.2 5,0 4.9 
56-60 4.6 2.4 5,6 5,3 4.9 3.6 4.2 5.0 4.8 
61-65 4,8 2,6 5,6 5.3 4,9 3.6 4,2 4,9 4,9 
66-70 5.3 2.3 5.4 5,3 4.9 3.7 4.2 4,9 4,8 
71-75 5,0 2,6 5.4 5.3 4,9 3,8 4,2 5,0 4,7 
76-80 5,0 2,5 5.4 5.3 4.9 3.7 4,2 5,0 4,9 
81-85 4,6 2,7 5,5 5.2 4,9 3.7 4.2 4,9 4,8 
86-90 5,0 2,8 5.5 5.2 4.9 3.6 4,2 5,0 4,9 
91 -95 4,9 2.2 5.5 5.2 4,8 3,7 4.4 4.9 4.7 
96-100 5,0 2,5 5.4 5.2 4,9 3,6 4,3 4,9 4,7 
101 -105 5,0 2.5 5.7 5,1 4,9 3,6 4.4 5,0 4.7 
106-110 4,8 2.4 5.6 5.2 4,9 3,6 4,2 4,9 4,7 
11 1-1 15 5.1 2.3 5.4 5,2 4,9 3.6 4.2 4.9 4.7 
116-120 5.3 2.6 5.4 5,2 4.9 3.7 4.2 4.9 4.8 
Data for Figure 84 Lowest and highest va lues Point 1 
Standard Mould 
9.1 7.7 8.3 6.1 
9.1 7.7 7.7 6.1 
9,0 7.9 8.2 6.1 
9.0 7.8 8.3 6. 1 
9,0 7,8 8,1 6,2 
9,0 7,7 7,8 6,2 
9,0 7,6 8,2 6,2 
9,0 7,8 7,9 5,8 
9,0 7,7 8,5 6,0 
9,0 7,6 8,0 6,1 
8,9 7,9 8,0 6.2 
9,0 7,9 8,3 6,0 
9.0 8.0 8,2 6.0 
9.0 7.7 8.4 6.0 
9.0 7,6 8.2 6,1 
9.0 7.8 8.2 6.1 
9,1 7,7 7,9 6,1 
9.1 7.8 7.7 6,1 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (5) Cm/S) Cm/s) Cm/s) Cm/s) Cm/s) Cm/s) Cm/s) 
0-: 4.1 4.5 5,1 5.6 4.6 5.6 4.9 
6-1C 4.1 4.8 4,3 4.9 4.9 5.4 4.7 
11 -1 E 48 5,7 4.8 5.3 4.4 5.0 5,0 
16-2C 4.7 5.4 4,7 5.1 5.1 5.3 5.1 
21-2: 4.4 4.9 4.7 5.0 4.6 5.1 4.8 
26-3C 4.4 5,3 4.2 5.1 4.8 5.3 4,9 
31-3: 4.2 5.4 4.2 5,2 3,8 4.3 4.5 
36-4C 4.4 5.0 4.2 5.2 5.5 5.7 5.0 
41-4: 4.7 5.0 4.2 4.8 4.2 4.8 4,6 
46-5C 5.1 5.6 4.5 5.1 4,3 5.5 5.0 
51-5: 4.5 5,5 4.6 5. 1 4.2 4.6 4.8 
56-6C 3.8 4.9 4.7 5,0 4.2 4.8 4.6 
61-6: 4.2 4.6 4.3 5.0 4.9 5,6 4.8 
66-7G 4.9 4.9 4.9 5,2 5.5 6.1 5.3 
71-75 4,9 5.4 4.4 4 8 5,1 5.6 5.0 
76-8C 4.4 4.4 4.5 5.2 5,3 5.8 5.0 
81-85 3.9 4.4 4.1 4.7 5,1 5.3 4.6 
86-9C 4.2 4.3 4.8 5.8 5.2 5.4 5,0 
91 -95 3.8 4.5 5.2 5.4 4.7 5.6 4,9 
96-1 DC 4.4 4.8 5.3 5.6 4.9 5.2 5.0 
101 -105 5.0 5.0 4.6 5.4 4.8 5.3 5.0 
106-11C 4.8 5.2 4.5 5,2 4.3 4.8 4,8 
111-1 1: 5.0 5.3 4.8 5.2 5.1 5.2 5.1 
116-12C 5. 1 5.4 5.2 5.4 5.2 5,7 5.3 
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Data for 
Sta nda rd Mould 
Lowest 1 
[rime (s) (m/s) 
0-5 2.3 
6-10 1.9 
11-1 t 2.2 
16-2C 2.4 
21-2t 1.9 
26-3C 2.3 
31 -3: 1.9 
36-4C 3.6 
41-4t 2.0 
46-5C 2.0 
51-5t 2.3 
56-6C 2.0 
61-6t 2.8 
66-7C 2.1 
71-7: 1.9 
76-8C 2.2 
81-85 2.4 
86-9C 2.6 
91-95 1.9 
96-10C 2.3 
101-100 2.3 
100-11C 2.3 
111-115 2.2 
116-12C 2.1 
Data for 
values Point 2 
Highest 1 
fm/s) 
2.8 
2.3 
2.4 
2.7 
2.3 
3.1 
2.3 
3.6 
2.4 
2.3 
2.7 
2.8 
3.7 
2.3 
2.2 
3.4 
3.6 
3.4 
2.2 
3.4 
2.4 
2.7 
2.7 
2.8 
Lowest 2 Highest 2 
(m/s) fm/s) 
2.7 3.1 
2.2 3.0 
2.1 3.0 
2.2 2.7 
2.1 2.3 
2.4 3.2 
2.2 2.8 
2.2 2.8 
2.2 2.7 
2.2 2.5 
2.0 2.4 
2.0 2.8 
2.2 2.3 
2.0 2.6 
2.1 2.6 
1.9 3.5 
2.3 3.6 
2.8 3.8 
2.0 2.8 
2.2 2.8 
2.0 3.4 
1.9 2.8 
2.2 2.8 
2.2 3.4 
Figure 86 Lowest and highest values Poin t 3 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 
Time (s) (m/s) (m/s) (m/sl {m/sI 
0-5 5.4 5.7 5.4 5.8 
6-1C 5.4 5.6 5.7 5.8 
11-15 5.1 5.4 5.6 5.8 
16-2C 5.1 5.6 5.5 5.7 
21-25 5.1 5.2 5.5 5.8 
26-3C 5.1 5.6 5.7 5.8 
31-35 5.5 5.7 5.6 5.7 
36-4C 5.5 5.6 5.7 5.8 
41-4: 5.5 5.7 5.5 5.8 
46-5C 5.5 5.7 5.4 5.7 
51 -55 5.5 5.6 5.5 5.7 
56-6C 5.6 5.7 5.6 5.7 
61-65 5.3 5.5 5.5 5.8 
66-7C 5.1 5.5 5.6 5.8 
71-75 5.4 5.6 5.6 5.8 
76-8C 5.4 5.6 5.6 5.8 
Lowest 3 Highest 3 Average 
(m/s) fm/s) (m/sl 
1.8 2.1 2.5 
1.8 2.4 2.3 
2.2 2.8 2.5 
2.1 2.5 2.4 
1.7 2.2 2.1 
2.0 2.5 2.6 
2.2 2.7 2.4 
2.4 2.7 2.9 
2.1 2.5 2.3 
1.9 2.4 2.2 
2.1 2.5 2.3 
2.0 2.5 2.4 
2.0 2.3 2.6 
2.3 2.4 2.3 
3.0 3.7 2.6 
2.0 2.1 2.5 
2.0 2.4 2.7 
1.8 2.5 2.8 
2.0 2.4 2.2 
2.0 2.4 2.5 
2.1 2.7 2.5 
2.1 2.8 2.4 
1.8 2.5 2.3 
2.1 3.0 2.6 
Figure 85 Lowest and highest 
Lowest 3 Highest 3 Average 
(rn/sl {m/sl (m/s) 
5.6 5.8 5.6 
5.6 5.9 5.7 
5.6 5.8 5.6 
5.5 5.8 5.5 
5.5 5.9 5.5 
5.8 5.9 5.6 
5.7 5.9 5.7 
5.8 5.9 5.7 
5.6 5.9 5.7 
5.8 5.9 5.7 
5.2 5.9 5.6 
5.2 5.5 5.6 
5.5 5.8 5.6 
5.1 5.4 5.4 
4.9 5.2 5.4 
5 5.1 5.4 
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5.4 5.6 5.6 5.8 5.2 5.3 5.5 
5.6 5.7 5.6 5.8 5 5.1 5.5 
5.5 5.7 5.6 5.8 5.1 5.2 5.5 
5.1 5.6 5.6 5.8 4.9 5.6 5.4 
5.6 5.7 5.6 5.8 5.6 5.9 5.7 
106-11 5.2 5.6 5.2 5.8 5.8 5.9 5.6 
5.1 5.2 5.2 5.6 5.7 5.8 5.43 
5.0 5.2 5.3 5.6 5.6 5.8 5.42 
Data for Figure 87 Lowest and highest 
values Point 4 
S d d M Id D f P' 4 L tan ar ou - ata or omt owest an d H' h Igl est va ues G h rapl 
Lowest 1 Highest 1 Lowest 2 Highest 2 
~me (s) (mls) (mls) (mls) (mls) 
0-5 5.2 5.5 5.2 5.3 
6-10 5.2 5.3 5.1 5 .3 
11-15 5.2 5.3 5.2 5.3 
16-20 5.2 5.3 5.0 5.3 
21-25 5.2 5.4 5.3 5.5 
26-30 5.1 5.5 5.3 5.6 
31-35 5.2 5.4 5.1 5.3 
36-40 5.2 5.4 5.3 5.7 
41-45 5.1 5.3 5.4 5.5 
46-50 5.3 5.5 5.4 5.5 
51-55 5.3 5.4 5.2 5.4 
56-B0 5.3 5.5 5.2 5.3 
61-B5 5.2 5.5 5.3 5.5 
66-70 5.2 5.4 5.3 5.5 
71-7' 5.2 5.4 5.2 5.3 
76-8C 5.3 5.3 5.2 5.3 
81-8~ 5.2 5.3 5.2 5.3 
86-9C 5.3 5.4 4.9 5.3 
91-9~ 5.1 5.2 5.0 5.4 
96-1 DC 5.2 5.4 5.1 5.3 
101-10~ 5.2 5.4 5.1 5.1 
106-11C 5.2 5.5 5.0 5.1 
111-11" 5.2 5.3 5.2 5.4 
11 6-12C 5.2 5.3 5.2 5.4 
Data for Error! Reference source not found. 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 
Time (s) (mls) (mls) (mls) (mls) 
0-: 4.6 4.8 4.7 5.0 
6-1C 4.7 4.8 4.9 5.0 
11-1 t 4.8 5.1 4.8 5.0 
16-2C 4.9 5.1 4.8 5.0 
21-2t 4.8 5.0 4.9 5.1 
26-3C 4.8 5.0 4.9 5.0 
31-3: 4.7 5.0 4.8 5.0 
36-4C 4.9 5.0 4.9 5.0 
Lowest 3 Highest 3 Average 
(mls) (mls) (mls) 
5.1 5.2 5.3 
5.0 5.3 5.2 
5.0 5.1 5.2 
5.0 5.2 5.2 
5.1 5.2 5.3 
5.2 5.4 5.4 
5.1 5.2 5.2 
5.0 5.1 5.3 
5.1 5.3 5.3 
5.0 5.2 5.3 
5.0 5.2 5.3 
5.1 5.2 5.3 
5.0 5.3 5.3 
5.0 5.1 5.3 
5.1 5.2 5.2 
5.1 5.2 5.2 
5.0 5.1 5.2 
5.1 5.3 5.2 
5.2 5.3 5.2 
5.0 5.2 5.2 
4.9 5.1 5.1 
5.1 5.2 5.2 
5.0 5.2 5.2 
5.1 5.1 5.2 
Lowest 3 Highest 3 Average 
(mls) (rn/s) (rn/s) 
4.7 4.8 4.8 
4.8 4.9 4 .9 
4.9 5.0 4.9 
4.8 5.0 4.9 
4.9 5.1 5.0 
4.8 5.0 4.9 
4.9 5.0 4 .9 
4.7 4.9 4.9 
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41-45 4.8 4.9 4.9 5.0 4.7 
46-SC 4.8 5.0 5.0 S.l 4.7 
51-St 4.7 5.1 4.8 5.0 4.9 
56-BC 4.8 4.9 4.8 5.0 4.8 
61-Bo 4.9 S.O 4.8 4.9 4.8 
66-7C 4.9 5.0 4.9 5.0 4.7 
71-n 4.8 4.9 4.8 5.0 4.8 
76-8C 4.9 5.1 4.8 4 .9 4.8 
81 -8t 4.7 5.1 4.9 5.0 4.8 
86-9C 4.8 5.0 4.8 5.0 4.8 
91-9~ 4.7 5.0 4.7 5.0 4.7 
96-1 DC 4.8 5.0 4.7 5.0 4.7 
101 - 10~ 4.7 5.0 4.9 5.0 4.8 
106-11C 4.7 5.0 4.9 5.0 4.9 
111 - 11~ 4.6 4.9 4.9 5.1 4.9 
116-12C 4.7 5.0 4.8 5.0 4.7 
Data for Figure 89 Lowest and higbest values Point 6 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 
Time (s) (mls) (mlS) (mls) (m/s) (mls) 
0-5 3.6 3.9 3.3 3.5 3.8 
6-1C 3.7 4.1 3.3 3.4 3.7 
11-1 : 4.8 4.0 3.4 3.7 3.7 
16-2C 3.6 4.0 3.3 3.4 3.8 
21-2: 3.5 3.8 3.4 3.7 3.7 
26-3C 3.6 3.8 3.7 3.8 3.5 
31-3: 3.9 4.0 3.8 3.9 3.3 
36-4C 3.7 3.8 3.5 3.7 3.1 
41-4: 3.8 3.9 3.4 3.8 3. 3 
46-5C 3.7 4.0 3.7 3.8 3.4 
51 -55 3.9 4.0 3.5 3.7 3.2 
56-BC 3.6 3.9 3.4 3.7 3.2 
61-B: 3.7 3.9 3.3 3.9 3.7 
66-7C 3.8 3.9 3.5 3.9 3.8 
71-75 3.7 4.0 3.7 3.8 3.0 
76-8C 3.5 4.0 3.8 4.0 3.4 
81-85 3.7 3.8 3.4 3.9 3.4 
86-9C 3.8 3.9 3.6 3.8 3.3 
91 -95 3.7 3.8 3.8 4.0 3.0 
96-10C 3.9 4.0 3.6 3.8 3.0 
101-105 3.7 3.9 3.5 3.9 3.1 
loo-11 C 3.7 3.9 3.3 3.7 3.2 
111-115 3.7 3.8 3.8 3.9 3.4 
116-12C 3.6 3.9 3.3 3.5 3.8 
Data for 
5.0 4.9 
S. l 5.0 
5.1 4.9 
5.0 4.9 
5.1 4.9 
5.0 4.9 
5.1 4.9 
5.0 4.9 
4.9 4.9 
5.0 4.9 
4.9 4.8 
4.9 4.9 
4.9 4.9 
5.0 4.9 
4.9 4.9 
4.9 4.9 
Highest 3 
(m/s ) 
Average 
(mls) 
3.9 3.7 
3.8 3.7 
3.9 3.7 
3. 9 3.9 
3.8 3.7 
3.9 3.7 
3.7 3.7 
3.5 3.8 
3.8 3.6 
3.7 3.7 
3.5 3.7 
3.8 3.6 
3.9 3.6 
3.9 3.7 
3.7 3.8 
3.5 3.7 
3.5 3.7 
3.5 3.6 
3.3 3.7 
3.4 3.6 
3.7 3.6 
3.5 3.6 
3.8 3.6 
3.9 3.7 
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Figure 90 Lowest and highest values Point 7 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 
Time (s) (m/sl (m/sl (m/sl (m/s) 
0-" 4.3 4.5 3.8 4.1 
6-1C 4.5 4.6 3.8 4.3 
11-1 ~ 3.8 4.2 4.2 4.3 
16-2C 4.2 4.6 42 4.3 
21-2" 4.1 4.4 4.2 4.3 
26-3C 4.1 4.2 4.1 4.5 
31-3~ 4.2 4.3 3.8 4.4 
36-4C 4.2 4.3 4.1 4.3 
41-'1!: 4.2 4.5 4.1 4.3 
46-5C 4.2 4.4 4.1 4.2 
51-55 4.3 4.4 4.0 4.3 
56~ 4.1 4.2 4.1 4.2 
61-65 4.1 4.2 4.0 4.3 
66-70 4.1 4.6 4.0 4.2 
71-7~ 4.2 4.3 4.0 4.3 
76-80 4. 1 4.2 4.1 4.3 
81-85 4.1 4.5 4.0 4.1 
86-90 4.0 4.4 4.0 4.4 
91-95 4.1 4.4 4.2 4.5 
96-100 4.2 4.3 4.0 4.5 
101-105 4.1 4.4 4.4 4.5 
106-1H 4.1 4.3 3.8 4.2 
111-11i 4.1 4.3 4.2 4.3 
116-12C 4.1 4.1 4.2 4.5 
Lowest 3 
(m/s) 
4.1 
3.8 
4.0 
4.2 
4.2 
4.3 
3.9 
4.0 
4.3 
4.1 
4.1 
4.1 
4.2 
4.2 
3.8 
4.1 
4.2 
4.1 
4.4 
4.2 
4.2 
4.3 
4.2 
4.1 
Data for Figure 91 Lowest and highest values Poin t 8 
Standard Mould 
Lowest 1 Highest 1 Lowest2 Highest 2 Lowest 3 
rnme (s} Cm/s) fm/s) (m/s) (mls) (m/s) 
0::' 4.8 5.0 4.8 5.0 4.9 
6-1 C 4.8 5.0 4.9 5.0 4.8 
11-1 : 4.9 5.2 4.9 5.0 4.8 
16-2j: 4.9 5.1 4.9 5.0 4.7 
21-2: 4.8 4.9 4.9 5.1 4.8 
26-3C 4.8 5.2 4.8 5.0 4.8 
31-3" 5.0 5.1 4.8 5.0 4.9 
36-4C 4.8 5.0 4.7 4.8 4.9 
41-4: 5.0 5.1 4.8 5.0 4.8 
46-5C 5.0 5.1 4.8 5.0 4.8 
Highest 3 Average 
(m/s) (m/si 
4.3 4.2 
4.2 4.2 
4.3 4.1 
4.5 4.3 
4.4 4.3 
4.4 4.3 
4.0 4.1 
4.5 4.2 
4.5 4.3 
4.3 4.2 
4.3 4.2 
4.3 4.2 
4.5 4.2 
4.3 4.2 
4.3 4.2 
4.4 4.2 
4.5 4.2 
4.4 4.2 
4.7 4.4 
4.4 4.3 
4.5 4.4 
4.4 4.2 
4.3 4.2 
4.3 4.2 
Highest 3 Average 
(m/s) (m/si 
5.0 4.9 
5.1 4.9 
5.0 5.0 
4.9 4.9 
5.0 4.9 
5.0 4.9 
5.1 5.0 
5.0 4.9 
5.1 5.0 
5.0 5.0 
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51-5f 5.0 5.1 4.9 5.1 4.9 
56-{5C 5.0 5.0 4.9 5.1 4.8 
61-{5" 4.9 5.0 4.9 5.0 4.6 
66-7C 4.6 5.0 4.7 5.5 4.7 
71-7" 4.9 5.0 4.8 5.5 4.7 
76-8C 4.9 5.1 4.9 5.1 4.9 
81-8: 4.9 5.0 4.5 4.9 4.9 
B6-9C 5.0 5.1 4.8 4.9 4.9 
91-9: 4.9 5.0 4.7 4.9 4.7 
96-1 DC 4.8 5.0 4.8 5.0 4.8 
101-10: 4.9 5.0 4.9 5.0 4.9 
106-11 C 4.9 5.0 4.8 5.0 4.8 
111-11: 4.8 5.0 4.8 5.0 4.7 
116-12C 4.9 5.1 4.7 5.0 4.9 
Data for Figure 92 Lowest and highest values Point 9 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 
[rime (s) (mls) (mls) _lrnlsl lmlsJ . Jmls] 
0-: 4.8 5.1 4.5 5.0 4.4 
6-1 C 4.9 5.1 4.7 4.9 4.9 
11-15 4.8 5.1 4.8 5.0 4.9 
16-2C 5.0 5.2 4.8 5.1 4.8 
21-25 4.0 5.1 4.9 5.0 4.3 
26-3C 4.5 5.0 4.5 4.9 4.6 
31-35 4.6 4.8 3.9 5.0 4.4 
36-40 4.7 5.0 4.6 4.8 4.9 
41-45 4.8 5.0 4.1 4.7 4.7 
46-50 5.0 5.1 4.6 5.0 4.7 
51-55 4.7 5.0 4.9 5.0 4.8 
56-{5C 4.7 5.1 4.3 4.7 4.8 
61-{55 4.9 5.1 4.7 5.0 4.6 
66-70 4.4 5.1 4.7 4.9 4.5 
71-75 4.7 4.9 4.5 4.7 4.6 
76-80 4.7 4.8 4.7 5.0 4.9 
81-85 4.5 4.9 4.6 5.0 4.5 
86-90 4.8 5.1 4.8 5.0 4.8 
91-95 4.8 5.0 4.4 5.0 4.3 
96-100 4.8 5.0 4.6 4.9 4.3 
101-105 4.6 5.0 4.5 4.9 4.3 
106-110 4.6 5.0 4.4 4.4 4.6 
111-115 4.3 4.8 4.8 5.0 4.5 
116-120 4.3 4.8 4.8 5.1 4.8 
Data for Figure 93 Lowest and highest values Point 10 
Standard Mould 
5.0 5.0 
5.1 5.0 
5.0 4.9 
4.9 4.9 
4.8 5.0 
5.0 5.0 
5.0 4.9 
5.0 5.0 
4.9 4.9 
5.0 4.9 
5.1 5.0 
5.0 4.9 
4.9 4.9 
5.0 4.9 
Highest 3 Average 
(rnls1 (rnls) 
4.8 4.8 
5.0 4.9 
5.1 5.0 
5.0 5.0 
5.1 4.7 
5.1 4.8 
5.0 4.6 
5.0 4.8 
5.0 4.7 
5.0 4.9 
5.1 4.9 
4.9 4.8 
5.0 4.9 
5.0 4.8 
5.0 4.7 
5.0 4.9 
5.0 4.8 
5.1 4.9 
4.8 4.7 
4.8 4.7 
4.8 4.7 
5.0 4.7 
5.0 4.7 
5.0 4.8 
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0-5 8.9 9.2 8.9 9.2 8.9 
6-1C 9.0 9.1 9.0 9.2 9.0 
11-15 9.0 9.1 9.0 9.1 9.0 
16-2C 8.8 9.1 9.0 9.1 9.0 
21 -~ 9.0 9.1 9.0 9.1 9.0 
26-3C 9.1 9.2 8.9 9.0 9.0 
31-35 9.1 9.2 8.9 9.0 9.0 
36-40 9.1 9.2 9.0 9.1 8.9 
41-45 9.0 9.1 9.0 9.1 8.9 
46-5C 9.0 9.1 8.8 9.1 8.9 
51-55 9.1 9.2 8.9 9.1 8.8 
56-6C 9.1 9.2 8.9 9.0 8.9 
61-65 8.9 9.2 8.9 9.1 9.0 
66-7C 9.0 9.1 8.9 9.0 8.9 
71-75 8.9 9.0 9.0 9.1 8.9 
76-8C 8.9 9.0 9.0 9.1 8.9 
81-85 8.9 9.0 8.8 9.0 8.8 
86-90 8.9 9.0 9.0 9.1 8.9 
91-95 9.0 9.1 9.0 9.1 8.9 
96-10C 9.0 9.1 9.0 9.1 8.9 
101-105 9.0 9.1 9.0 9.1 8.8 
106-1 10 9.0 9.1 9.0 9.1 8.9 
111 -115 9. 1 92 9.0 9.1 8.9 
116-120 9.2 9.2 9.0 9.1 8.8 
Data for Figure 94 Lowest and highest values Point 11 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 
trime (s) (m/s) (mts) (mts) (mts) . (mts) 
0-5 7.6 7.9 7.0 7.8 8.1 
6-1C 7.7 8.1 7.5 8.4 7.7 
11-1 5 7.6 8.4 7 .8 8 7.8 
16-20 7.2 7.8 7.7 8.2 7.8 
21-25 7.6 7.9 7.8 7.9 7.0 
26-3C 6.9 7.2 7.8 8.2 7.6 
31-35 7.2 7.7 7.7 8.2 7.6 
36-40 7.6 7.8 7.6 8.2 7.4 
41-45 7.8 8.2 7.6 8.2 7.6 
46-5..Q 7.8 7.9 7.6 8.2 7.5 
51-55 7.9 8.2 7.4 7.8 7.7 
56~ 7.2 7.6 7.7 7.9 7.7 
61-65 7.2 7.8 7.6 7.7 7.4 
66-70 7.8 8.1 7.7 8.0 7.2 
7 1-~ 7.8 8.0 7.3 7.5 7.6 
76-80 7.3 7.8 7.2 8.0 7.6 
81-85 7.8 8.1 7.5 8.0 7.7 
86-90 7.7 8.0 7.5 8.1 7.8 
91-95 7.7 8.1 7.7 8.2 7.8 
96-100 7.2 8.2 7.6 8.2 7.2 
101-105 7.4 7.7 7.2 7.9 7.5 
106-110 7.3 7.9 7.8 8.2 7.7 
9.1 9.0 
9.1 9.1 
9.1 9.1 
9 .1 9.0 
9.1 9.1 
9.1 9.1 
9.1 9.1 
9.1 9.1 
9.0 9.0 
9.0 9.0 
9.1 9.0 
9.0 9.0 
9. 1 9.0 
9.0 9.0 
9.0 9.0 
9.1 9.0 
9.1 8.9 
9.0 9.0 
9.0 9.0 
9.0 9.0 
9.0 9.0 
9.0 9.0 
9.1 9.1 
9.0 9.1 
Highest 3 
(mts) 
Average 
(mts) 
8.2 7.8 
7.9 7.9 
8.1 8.0 
7.9 7.8 
7.7 7.7 
8.0 7.6 
7.9 7.7 
7.7 7.7 
8.2 7.9 
7.9 7.8 
8.0 7.8 
8.1 7.7 
8.0 7.6 
7.9 7.8 
7.9 7.7 
7.8 7.6 
8.1 7.9 
8.3 7.9 
8.2 8.0 
7.9 7.7 
8.1 7.6 
8.1 7.8 
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Data for Error! Reference source not found. 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 
'Time (s) 
. lmls) (mls) (mls) (mls) 
0-5 8.5 8.9 7.1 7.2 
6-1C 6.3 7.0 7.1 8.0 
11-1 : 7.9 8.9 6.8 7.5 
16-2C 7.4 8.9 7.1 7.7 
21-2: 7.7 8.1 7.3 8.6 
26-3C 6.8 7.2 6.8 7.1 
31-3: 8.7 9.1 7.1 8.1 
36-4C 8.8 9.1 6.9 7.3 
41-4: 8.5 8.8 7.3 9.0 
46-5C 8.5 8.7 8.8 9.0 
51-55 7.3 8.2 8.3 9.0 
56-6C 7.3 8.1 7.4 8.5 
61-65 7.8 7.8 7.2 8.9 
66-7.0 7.1 8.1 7.3 8.6 
71-75 8.4 8.7 8.2 9.1 
76-8C 7.7 8.5 6.8 8.7 
81-85 8.3 8.3 7.7 8.8 
86-90 7.5 7.7 8.5 9.2 
91-95 8.3 8.7 8.2 9.2 
96-10G 8.8 9.1 8.2 8.7 
101-105 8.1 8.9 6.8 7.7 
106-110 8.6 8.9 6.9 8.2 
111-1 15 7.7 8.2 6.5 8.2 
116-120 8.2 9.0 5.9 7.7 
Lowest 3 
(mls) 
6.8 
6.3 
6.1 
6.2 
7.3 
7.2 
7.7 
6.3 
7.2 
6.7 
7.9 
7.0 
8.2 
7.2 
7.7 
7.3 
6.9 
7.9 
6.6 
7.0 
8.0 
8.0 
7.8 
6.8 
Data for Figure 96 Lowest and highest values Point 13 
Standard Mould 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 
tnme (s) (mlsl (mlsl (mls) (mls) (mlsl 
0-5 6.3 6.3 6.1 6.2 6.1 
6-10 6.2 6.3 6.0 6.3 6.2 
11-15 6.2 6.4 6. 1 6.4 5.9 
16-20 6.2 6.3 5.6 6.0 6.2 
21-25 6.0 6.3 5.7 6.2 6.1 
26-30 6.0 6.2 6.2 6.3 6.2 
31-35 6.1 6.2 6.1 6.2 6.0 
36-4C 6.2 6.3 6.0 6.1 5.9 
41-4, 6.2 6.3 5.9 6.3 5.9 
46-5C 6.2 6.3 5.5 6.1 6.1 
51-5, 6.0 6.3 6.1 6.4 6.2 
56-6C 6.3 6.4 6.0 6.1 6.0 
61-6, 6.1 6.4 6.2 6.3 5.8 
66-7C 5.7 6.0 5.7 5.9 5.6 
71-75 6.0 6.3 6.1 6.2 5.6 
Highest 3 Average 
(mist (mlsJ 
7.7 7.7 
7.2 7.0 
8.2 7.6 
7.8 7.5 
8.1 7.9 
8.5 7.3 
8.8 8.3 
7.7 7.7 
8.2 8.2 
8.2 8.3 
8.1 8.1 
8.3 7.8 
9.1 8.2 
9.1 7.9 
8.9 8.5 
8.7 8.0 
8.0 8.0 
9.0 8.3 
8.4 8.2 
8.6 8.4 
9.4 8.2 
8.4 8.2 
8.8 7.9 
8.5 7.7 
Highest 3 Average 
(mlsl (mlsl 
6.3 6.2 
6.3 6.2 
6.2 6.2 
6.3 6.1 
6.2 6.1 
6.3 6.2 
6.2 6.1 
6.0 6.1 
6.2 6.1 
6.2 6.1 
6.3 6.2 
6.2 6.2 
6.2 6.2 
5.7 5.8 
5.7 6.0 
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6.0 6.4 6.1 6.2 5.7 6.0 6.1 
6.3 6.4 6.1 6.2 6.1 6.2 6.2 
6.0 6.4 6 .0 6.1 5.6 6.0 6 .0 
6.1 6.2 5.6 6.0 6.0 6.2 6.0 
6.2 6.3 6.0 6.1 5.6 6.0 6.0 
6.3 6.3 5.9 6.0 5.7 6.2 6.1 
106-11 6.1 6.1 6.0 6.3 5.7 6.2 6.1 
111 -1 1 6.1 6.2 5.9 6.1 6.0 6.2 6.1 
6.0 6.2 6.0 6.1 5.8 6.2 6.1 
D fi ata or Figu re 103 , h A graph to show the welgl t of each hat for each tr ia l 
Loop A LoopS LoopC Loop D 
Trial Airflow Airflow Airflow Airflow 
Number (m/st (m/sl (m/sl (mls) 
N1 5.91 6.03 6.45 5.35 
N2 4.31 4.71 5.6 5.04 
N3 3.98 4.35 5.15 4.29 
N4 5.65 5.61 6.15 5.36 
N5 4.63 4.82 5.25 4.81 
N6 4.56 4.82 4.71 4.32 
N7 4.84 5 5.47 5.13 
N8 4.43 5.12 5.1 5.07 
N9 4.39 505 5.28 4.84 
N10 4.6 5.09 5.23 4.7 
Average 4.73 5.06 5.439 4.891 
D fi F ala or igure 104 C . h ft onslstency welgl ts a er no rmalising 
Loop A LoopS LoopC LoopD 
Trial Airflow Airflow Airflow Airflow 
Number Cm/si Cm/si (m/sl (mls) 
N1 5,0 5.1 5.4 4.5 
N2 4.4 4.8 5.7 5.1 
N3 4.5 4.9 5.8 4.8 
N4 5.0 4.9 5.4 4.7 
N5 4.7 4.9 5.4 4.9 
N6 5.0 5.2 5.1 4.7 
N7 4.7 4.9 5.4 5.0 
N8 4.5 5.2 5.2 5.1 
N9 4.5 5.2 5.4 4.9 
N10 4.7 5.2 5.3 4.8 
D r. F' ala or Igure 10S A' fl L Ir ow consIstency oOP 1 
A1 A1 A2 A2 A3 A3 
Lowest Highest Lowest Highest Highest Lowest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
(secs) (m/s) (m/s) (m/s) (m/sl (m/s) (m/s) 
0-15 14.9 15.2 14 14.7 14.2 14.5 
26-30 14.8 15.1 14.1 14.5 14 14.5 
31-45 14.8 15.1 14.1 14.2 14.2 14.5 
46-60 14.7 15.2 14.3 14.9 14 14.4 
61-75 14.7 14.9 14 14.4 13.8 14.2 
76-90 14.7 15.2 14.2 14.6 13.8 14.2 
91-105 14.8 15.2 14.3 14.8 14.1 14.2 
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ala or Igure 106 A' fl I r ow consistency Lo 2 op 
81 81 82 82 83 83 
Lowest Highest Lowest Highest Highest Lowest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
(secs) (mls) (mls) (mls) (mls) (mls) (mls) 
0-15 16.1 16.5 13.6 14.1 15.3 15.8 
26-30 16.7 17 13.3 13.9 15.9 16.3 
31-45 16.8 17 13.9 14.2 15.3 16 
46-60 16.7 16.9 14.4 14.9 15.9 16.3 
61-75 16.6 16.8 13.8 14.2 15.4 16 
76-90 16.6 16.8 14 14.3 15.4 15.9 
91-105 16.6 16.8 13.9 14.3 16 16.4 
106-120 16.6 16.9 14.1 14.4 16 16.4 
121-135 16.6 17.1 14.4 14.7 16 16.4 
D [. F ata or o . 11 igure 1 7 Air ow consistency Loop 3 
C1 C1 C2 C2 C3 C3 
Lowest Highest Lowest Highest Highest Lowest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
. (secs) (mls) Jm/sl _{mlsJ (m/s) (mist j mlsJ 
0-15 16.3 16.6 13.9 14.6 15.9 16.3 
26-30 16.2 16.6 14.1 14.5 15.9 16.5 
31-45 16.3 16.7 13.9 14.6 15.2 15.9 
46-60 16.1 16.3 14.3 14.7 15.4 15.9 
61-75 16.1 16.5 14.1 14.3 15.9 16.5 
76-90 16.1 16.4 14.1 14.7 15.2 15.8 
91-105 15.9 16.1 14.4 15 15.9 16.2 
106-120 16 16.3 14.2 15 15.4 15.9 
121-135 16.3 16.5 14.8 15.1 15.3 15.9 
D [. F' ata or Igure ]08 A' 11 . t Ir ow consls ency_ L oop. 4 
01 01 02 02 03 03 
Lowest Highest Lowest Highest Highest Lowest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
(secs) (mls) (mls) (m/s) (mls) (mls) (mls) 
0-15 17.6 17.9 15.7 16 17.4 17.6 
26-30 17.5 17.7 15.7 16 17.5 17.5 
31-45 17.5 17.8 15.6 16 17.3 17.5 
46-60 17.4 17.7 15 15.6 17.3 17.5 
61-75 17.5 17.7 15.2 15.5 17.3 17.4 
76-90 17.4 17.5 14.9 15.5 17.3 17.5 
91-105 17.3 17.5 14.8 15.8 17.3 17.5 
106-120 17.3 17.5 14.8 15.1 17.3 17.4 
121-135 17.2 17.4 15.8 16 17.3 17.5 
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0-15 14 
26-30 14.8 15.1 14.1 14.5 14 14.5 
31-45 14.8 15.1 14.1 14.2 14.2 14.5 
46-60 14.7 15.2 14.3 14.9 14 14,4 
61-75 14.7 14.9 14 14,4 13.8 14.2 
76-90 14.7 15.2 14.2 14.6 13.8 14.2 
91-105 14.8 15.2 14.3 14.8 14.1 14.2 
106-120 14.8 15.3 14 14.6 14.1 14,4 
121-135 14.9 15.3 14,4 14.7 14.5 14.9 
Position 2 (trials a,b,c) 
2a 2a 2b 2b 2c 2c 
Lowest Highest Lowest Highest Lowest Highest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
lsecsl 1m/st -.1m1st _(m/s) (mls) (mls) (mls) 
0-15 16.1 16.5 13.6 14.1 15.3 15.8 
26-30 16.7 17 13.3 13.9 15.9 16.3 
31-45 16.8 17 13.9 14.2 15.3 16 
46-60 16.7 16.9 14,4 14.9 15.9 16.3 
61 -75 16.6 16.8 13.8 14.2 15,4 16 
76-90 16.6 16.8 14 14.3 15,4 15.9 
91-105 16.6 16.8 13.9 14.3 16 16,4 
106-120 16.6 16.9 14.1 14,4 16 16,4 
121-135 16.6 17.1 14,4 14.7 16 16,4 
Position 3 (3 trials a,b,c) 
3a 3a 3b 3b 3c 3c 
Lowest Highest Lowest Highest Lowest Highest 
Time Airflow Airflow Airflow Airflow Airflow Airflow 
(secs) (mls) (mls) (mls) (mls) (mls) (mls) 
0-15 16.3 16.6 13.9 14.6 15.9 16.3 
26-30 16.2 16.6 14.1 14.5 15.9 16.5 
31-45 16.3 16.7 13.9 14.6 15.2 15.9 
46-60 16.1 16.3 14.3 14.7 15,4 15.9 
61-75 16.1 16.5 14.1 14.3 15.9 16.5 
76-90 16.1 16.4 14.1 14.7 15.2 15.8 
91-105 15.9 16.1 14,4 15 15.9 16.2 
106-120 16 16.3 14.2 15 15.4 15.9 
121-135 16.3 16.5 14.8 15.1 15.3 15.9 
Position 4 3 trials a,b,c 
4a 4a 4b 4c 
Highest Lowest 
Time Airflow 
mls 
0-15 17.9 16 
26-30 17.5 17.7 15.7 16 17.5 
31-45 17.5 17.8 15.6 16 17.3 17.5 
46-60 17,4 17.7 15 15.6 17.3 17.5 
61-75 17.5 17.7 15.2 15.5 17.3 17,4 
76-90 17.4 17.5 14.9 15.5 17.3 17.5 
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91-105 17.3 17.5 14.8 15.8 17.3 17.5 
106-120 17.3 17.5 14.8 15.1 17.3 17.4 
121-135 17.2 17,4 15.8 16 17.3 17.5 
Data for Figure 111 Weight of individual hats when placing 5g clumps 0 f fibre 
evenly distributed on the conve or 
Trial 1 Trial 2 Trial 3 
Airflow Airflow Airflow 
Position Im/st (mls) (mls) 
a 3.83 4.4 4.76 
b 4.88 5.53 4.94 
c 5.35 5.7 5.07 
d 5.67 5.28 5.13 
Data for Figure 112 Weight of hats 
Weight aimed for 
(g) 
Hat position 5 5 5 5.5 
a 4.03 4.42 4.22 6.11 
b 506 4.96 4.87 6.03 
c 5.39 5,41 5.32 5.56 
d 5,4 5.27 5.67 4.8 
Weight aimed for ( ) 
Hat 
position 6.5 6.5 6.5 
a 6.2 702 4.93 
b 6.66 7.31 6.18 
c 6.52 6.72 6.76 
d 6.45 5.84 6.82 
5.5 5.5 6 
4.98 4.89 5,41 
5.84 5.68 5.81 
6.24 5.53 6.15 
5.84 5.69 6,4 
7 7 
6.66 6.94 
7.31 7.08 
7.48 6.99 
7.42 6.61 
6 
6.31 5.5 
6 
4 
7 
6 
5 
6.54 5.8 
6.22 6.0 
5.27 6.5 
7 
6.75 
6.92 
7.19 
6.64 
Data for Figure 114 A graph to show consistency weights for a straight duct 
Position Position Position 
a b c 
Trial Airflow Airflow Airflow 
number (m/s) (m/s) (m/s) 
1 4.06 5.32 5.73 
2 4.36 5.05 4.68 
3 4.57 5.56 5.48 
4 4.45 5.19 5.51 
5 5.65 5.52 4.9 
6 5.42 5.57 4.45 
7 4.56 4.98 5.28 
8 4.81 5.19 5.93 
9 5.16 5.18 5.28 
10 4.93 4.73 5.21 
11 5.21 4.56 5.87 
12 5.17 4.66 5.51 
13 4.61 4.8 5.52 
14 4.79 4.71 4.97 
15 4.68 4.21 4.55 
16 5.32 5.08 5,42 
17 4.87 4.31 5.37 
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18 5.45 4.87 5.94 
19 4.24 4.13 4.62 
20 5.88 5.13 5.72 
21 4.89 4.64 5.13 
22 4.13 5.68 3.94 
23 5.05 4.72 5.81 
24 4.75 5.44 5.54 
25 4.24 5.38 5.56 
26 4.48 4.34 5.74 
27 4.64 4.48 5.92 
28 4.71 5.34 5.18 
D £ F' ata or Igure 116D eposl IOn on M Id ou s 
Position 1 % Position 2 % Position 3 % Position 4 % 
of Fibre on of Fibre on of Fibre on of Fibre on 
mould mould mould mould 
Fine Mesh 28 25 25 22 
Trial! 
Fine Mesh 28.5 24 25 22.5 
Trial 2 
Fine Mesh 27.5 24.5 26 22 
Trial 3 
Original Mesh 28.5 27.5 24 20 
Triall 
Original Mesh 28 27 25 20 
Trial 2 
Original Mesh 29 26 24 21 
Trial 3 
Data for Figure 134 Average results for various points on the finer mesh mould 
Ind · ·d I . d h . 13 hI th t fi 11 th· hI IVI ua POlDt ata s own ID ta es a o ow IS ta e. 
Point 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Time (5) mls mls mls mls mls mls mls' mls rn/s mls (rn/s) mls mls 
0-5 6.8 4.4 5.5 5.0 4.5 2.4 3.4 3.9 3.9 2.7 11 .0 8.0 1.8 
6·10 6.9 4.3 5.5 5.1 4.6 2.6 3.4 4.0 4.1 2.6 10.8 8.0 1.8 
11-15 7.3 4.1 5.5 5.1 4.5 2.7 3.4 4.0 4.0 2.8 10.9 8.0 1.8 
16-20 7.3 4.3 5.5 5.1 4.6 2.7 3.3 3.5 3.9 3.2 10.9 8.3 2.1 
21-25 7.4 4.3 5.5 5.1 4.5 2.5 3.3 3.6 3.6 2.5 10.9 8.0 1.8 
26-30 7.5 4.2 5.4 5.1 4.5 2.5 3.6 3.7 3.9 2.6 10.9 8.0 1.8 
31-35 7.2 4.3 5.4 5.1 4.5 2.5 3.4 4.1 4.4 2.8 10.8 8.1 1.6 
36-40 7.2 4.1 5.4 5.1 4.5 2.4 3.3 3.1 4.2 2.7 10.9 8.2 1.8 
41-45 7.2 4.3 5.4 5.1 4.5 2.5 3.3 3.8 4.3 2.7 10.9 8.0 2.0 
46-50 6.9 4.4 5.5 5.1 4.5 2.5 3.4 3.9 4.1 2.3 10.8 8.4 2.2 
51-55 7.0 4.4 5.5 5.1 4.6 2.3 3.4 3.7 3.7 2.3 10.8 8.6 1.9 
56-60 7.5 4.5 5.4 5.0 4.5 2.7 3.6 3.8 3.8 2.4 10.8 8.3 2.0 
61-65 7.4 4.3 5.6 5.0 4.6 2.7 3.3 3.7 4.2 2.3 10.9 8.1 1.9 
66·70 6.8 4.3 5.9 5.0 4.5 2.6 3.4 3.9 3.6 2.3 10.8 8.2 2.0 
71-75 7.4 4.3 5.4 5.0 4.5 2.8 3.3 3.9 4.3 2.4 10.8 8.1 1.8 
76-80 7.2 4.1 5.5 5.1 4.5 2.6 3.4 3.5 4.0 2.6 10.8 7.8 2.0 
81-85 7.1 4.2 5.5 5.1 4.6 2.3 3.4 4.0 3.8 2.3 10.8 8.4 2.0 
168 
86-90 7.3 4.3 5.5 4.9 4.5 2.6 3.3 4.0 4.1 2.9 10.8 8.4 1.8 
91 -95 7.8 4.3 5.5 5.0 4.5 2.4 3.4 3.5 4.1 2.2 10.8 7.9 2.0 
96-100 7.0 4.3 5.5 5.0 4.5 2.6 3.5 3.3 3.7 2.2 10.8 8.3 1.8 
101-105 7.5 4.3 5.6 5.0 4.6 2.3 3.4 3.7 3.7 2.6 10.8 8.0 2.0 
106-110 7.1 4.4 5.4 5.0 4.5 2.4 3.4 3.8 3.8 2.2 10.8 8.2 1.9 
111-1 15 6.6 4.2 5.4 5.0 4.5 2.3 3.3 3.6 3.7 2.6 10.8 8.0 2.2 
116-120 7.2 4.2 5.5 5.0 4.5 2.4 3.4 3.1 3.8 2.2 10.8 8.0 2.3 
Data for Figure 135 Average resu lts for various points on the course mesh mould 
Th d b h d fi F 86 98 e raw ata can e seen ID t e ala or 19ures -
Point 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Time (s) rnls I (mls) mls mls mls mls mls mls mls mls mls mls mls 
0-5 4.9 2.5 5.6 5.3 4.8 3.7 4.2 4.9 4.8 9.0 7.8 7.7 6.2 
6-10 4.7 2.3 5.7 5.2 4.9 3.7 4.2 4.9 4.9 9.1 7.9 7.0 6.2 
11-15 5.0 2.5 5.6 5.2 4.9 3.7 4.1 5.0 5.0 9.1 8.0 7.6 6.2 
16-20 5.1 2.4 5.5 5.2 4.9 3.9 4.3 4.9 5.0 9.0 7.8 7.5 6.1 
21-25 4.8 2.1 5.5 5.3 5.0 3.7 4.3 4.9 4.7 9.1 7.7 7.9 6.1 
26-30 4.9 2.6 5.7 5.4 4.9 3.7 4.3 4.9 4.8 9.1 7.6 7.3 6.2 
31-35 4.5 2.4 5.7 5.2 4.9 3.7 4.1 5.0 4.6 9.1 7.7 8.3 6.1 
36-40 5.0 2.9 5.7 5.3 4.9 3.8 4.2 4.9 4.8 9.1 7.7 7.7 6.1 
41-45 4.6 2.3 5.7 5.3 4.9 3.6 4.3 5.0 4.7 9.0 7.9 8.2 6.1 
46-50 5.0 2.2 5.7 5.3 5.0 3.7 4.2 5.0 4.9 9.0 7.8 8.3 6.1 
51-55 4.8 2.3 5.6 5.3 4.9 3.7 4.2 5.0 4.9 9.0 7.8 8.1 6.2 
56-60 4.6 2.4 5.6 5.3 4.9 3.6 4.2 5.0 4.8 9.0 7.7 7.8 6.2 
61-65 4.8 2.6 5.6 5.3 4.9 3.6 4.2 4.9 4.9 9.0 7.6 8.2 6.2 
66-70 5.3 2.3 5.4 5.3 4.9 3.7 4.2 4.9 4.8 9.0 7.8 7.9 5.8 
71-75 5.0 2.6 5.4 5.3 4.9 3.8 4.2 5.0 4.7 9.0 7.7 8.5 6.0 
76-80 5.0 2.5 5.4 5.3 4.9 3.7 4.2 5.0 4.9 9.0 7.6 8.0 6.1 
81-85 4.6 2.7 5.5 5.2 4.9 3.7 4.2 4.9 4.8 8.9 7.9 8.0 6.2 
86-90 5.0 2.8 5.5 5.2 4.9 3.6 4.2 5.0 4.9 9.0 7.9 8.3 6.0 
91-95 4.9 2.2 5.5 5.2 4.8 3.7 4.4 4.9 4.7 9.0 8.0 8.2 6.0 
96-100 5.0 2.5 5.4 5.2 4.9 3.6 4.3 4.9 4.7 9.0 7.7 8.4 6.0 
101-105 5.0 2.5 5.7 5.1 4.9 3.6 4.4 5.0 4.7 9.0 7.6 8.2 6.1 
106-110 4.8 2.4 5.6 5.2 4.9 3.6 4.2 4.9 4.7 9.0 7.B 8.2 6.1 
111 -115 5.1 2.3 5.4 5.2 4.9 3.6 4.2 4.9 4.7 9.1 7.7 7.9 6.1 
116-120 5.3 2.6 5.4 5.2 4.9 3.7 4.2 4.9 4.8 9.1 7.8 7.7 6.1 
D fi F' ala or Igure 136F' me mes h I - owest an d h ' h Igl est va ues P' 1 omt 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (s) (rnls) (mls) (mls) (mls) (mls) (mlS) (mls) 
O-t' 5.7 7.0 6.5 7.5 6.2 7.7 6.8 
6-1C 7.0 7.6 6.0 7.7 5.B 7.5 6.9 
11-1t' 6.4 7.4 7.6 8.3 6.9 7.2 7.3 
16-2C 6.7 7.7 7.6 7.9 6.4 7.2 7.3 
21-2t' 7 7.7 6.6 7.5 7.2 8.2 7.4 
26-3C 7.2 7.8 7.4 8.0 6.2 8.2 7.5 
31-3" 6.6 7.8 6.4 8.1 6.2 8.0 7.2 
36-4C 6.0 .8.0 6.0 7.3 7.7 8.1 7.2 
41-.4t: 7.0 7.7 7.3 7.9 5.8 7.5 7.2 
46-5C 7.0 7.3 6.1 7.0 6.2 7.6 6.9 
51 -St' 7.0 8.0 6.1 7.2 6.1 7.6 7.0 
169 
7.1 7.7 7.2 8.5 6.2 8.1 
6.6 7.5 7.6 8.0 7.2 7.6 
6.0 6.9 7.6 7.9 5.3 7.3 
6.8 7.2 7.2 8.0 7.1 8.1 
6.4 7.5 6.6 7.8 7.0 7.8 
5.6 6.9 7.8 8.2 6.1 8.0 
6.6 7.4 7.6 8.0 6.3 8.0 
7.4 8.1 7.8 8.2 7.4 8.0 
6.9 7.1 7.9 8.2 5.6 6.5 
7.0 7.7 7.6 8.2 6.5 7.7 
106-11 7.1 7.7 6.3 7.2 6.2 7.9 
111-11 5.5 7.5 5.8 7.9 5.3 7.3 
6.2 7.1 7.6 8.1 6.5 7.4 
ata or Jgure D fi F" 137 F' me mes h t d h' h t - owes an Igl es va ues P . t 2 om 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 
rt"ime (s) (mls) (mls) (mls) (mls) (mls) (mlS) 
O-~ 4.3 4.6 4.2 4.4 4.3 4.8 
6-1C 4.2 4.6 4.4 4.6 3.8 4.2 
11 -1 ~ 4.0 4.2 4.2 4.4 3.8 4.1 
16-2C 4.1 4.7 4.2 4,4 4.1 4,4 
21-2, 4.5 4.7 3.8 4.5 3.8 4.5 
26-3C 3.8 4.5 4.3 4.5 4.0 4.3 
31-3, 4.1 4.8 3.8 4.2 4.2 4.5 
36-4C 4.2 4.5 3.6 4.1 3.8 4.5 
41-4~ 4.5 4.6 3.8 4.1 4.2 4.7 
46-5C 3.9 4.6 4.4 4.6 4.2 4.5 
51-5~ 4.1 4.5 4.1 4.5 4.3 4.6 
56."C 4.6 4.8 4.1 4.2 4.5 4.8 
61.", 4.1 4.6 4.1 4.4 4.0 4.3 
66-7C 3.9 4.3 4.3 4.5 4.3 4.5 
71-7, 4.0 4.4 4.2 4.6 4.2 4.5 
76-8C 4.0 4.5 3.7 4.1 4.0 4.5 
81-8, 4.2 4.5 4.2 4.6 3.7 4.1 
86-9C 4.3 4.5 4.1 4.7 4.1 4.3 
91-9~ 3.9 4.4 4.3 4.5 4.1 4.5 
96-1OC 4.1 4.3 4.0 4.6 4.1 4.6 
101-10." 4.0 4.3 4.4 4.5 3.9 4.4 
106-11C 4.2 4.6 4.1 4.5 4.2 4.6 
111-11, 4.2 4.7 4.1 4.5 3.8 4.4 
116-12C 4.2 4.6 3.9 4.4 3.7 4.5 
Data for Fi ure 138 Fine mesh -lowest and bi best va lues Point 3 
5.5 
5.4 
5.4 
5.4 
5.2 
Highest 1 
mls 
5.4 
5.6 
5.6 
5.5 
5.5 
5.3 
5.5 
5.5 
5.5 
5.5 
5.3 
5.4 
5.5 5.5 
5.6 5.3 5,4 
5.6 5.4 5.5 
5.5 5.5 5.6 
5.5 5.3 5.4 
5.5 5.4 5.5 
7.5 
7.4 
6.8 
7.4 
7.2 
7. 1 
7.3 
7.8 
7.0 
7.5 
7.1 
6.6 
7.15 
Average 
(mls) 
4.4 
4.3 
4.1 
4.3 
4.3 
4.2 
4.3 
4.1 
4.3 
4.4 
4.4 
4.5 
4.3 
4.3 
4.3 
4.1 
4.2 
4.3 
4.3 
4.3 
4.3 
4.4 
4.2 
4.2 
5.3 
5.5 
5,4 
5.4 
5,4 
5.2 
170 
36-4C 5.3 5.4 5.1 5 .4 5.3 5.6 5.3 
41-4~ 5.4 5.5 5.1 5.5 5.5 5.5 5.4 
46-5C 5.4 5.5 5.3 5.5 5.5 5.6 5.4 
5 1 -5~ 5.3 5.6 5.5 5 .5 5.5 5.5 5.3 
56-OC 5.4 5.6 5.3 5 .5 5.3 5.5 5.4 
61-00 5.2 5.4 5.5 5.6 5.4 5.5 5.2 
66-7C 5.2 5.4 5.4 5 .6 5.5 5.6 5.2 
71-7" 5.3 5.6 5.3 5 .5 5.2 5.4 5.3 
76-8C 5.4 5.5 5.5 5.6 5.3 5.6 5.4 
Bl-B~ 5.5 5.5 5.3 5 .5 5.5 5.5 5.5 
86-9C 5.5 5.5 5.2 5 .5 5.5 5.6 5.5 
91 -9~ 5.5 5.5 5.3 5.5 5.5 5.5 5.5 
96-1 DC 5.5 5.6 5.4 5.7 5.2 5.4 5.5 
101 -10~ 5.3 5.5 5.4 5.7 5.4 5.6 5.3 
106-11C 5.1 5.4 5.4 5.5 5.3 5.5 5.1 
111-11= 5. 1 5.5 5.4 5.5 5.5 5.5 5.1 
116-12C 5.4 5.5 5.5 5.5 5.3 5.5 5.4 
fi F Data or igure me mes h I - owest an d hi h 19l est va ues p ' omt 4 
lowest 1 Highest 1 lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (s) (mls) (mls) (mls) lmls) (mls) (mls) (mls) 
O-t 5.1 5.2 4.9 5.1 4.9 5.0 5.0 
6-1C 5.1 5.2 5.0 5.1 5.0 5.1 5.1 
11 -10 5.1 5.2 5.0 5.1 4.9 5.1 5.1 
16-2C 5. 1 5.2 5.0 5.3 4.9 5.0 5.1 
21-20 5.2 5.3 4.9 5.3 4.8 5.1 5.1 
26-3C 5.0 5.4 4.9 5.1 5.0 5.1 5.1 
31-30 5.0 5.2 5.1 5.2 4.8 5.1 5.1 
36-4C 5.0 5.2 5.2 5.3 4.8 5.1 5.1 
41-40 5.2 5.3 5.0 5.1 5.0 5.2 5.1 
46-5C 5.2 5.3 4.9 5.1 5.1 5.1 5. 1 
51-55 5.1 5.2 5.0 5.2 4.8 5.1 5. 1 
56-OC 5.0 5.2 4.9 5.0 4.9 5.0 5.0 
6 1-05 4.9 5.2 5.0 5.1 4.9 4.9 5.0 
66-70 5.1 5.2 4.9 5.0 4.9 5.0 5.0 
71-75 5.1 5.3 4.9 4.9 4.8 4.9 5.0 
76-80 5.3 5.3 4.7 5.1 4.8 5.1 5.1 
81-85 5.0 5.1 5.0 5.1 5.0 5.2 5.1 
86-90 4.9 5.0 4.9 5.1 4.8 4.9 4.9 
91-95 5.0 5.2 4.9 5.1 4.8 5.0 5.0 
96-100 5.0 5.0 4.9 5.2 4.8 5.1 5.0 
101 -105 5.0 5.1 4.9 5.0 5.1 5.1 5.0 
106-1 10 4.9 5.2 4.9 5.1 5.0 5.1 5.0 
111 -1 15 5.0 5.1 4.9 5.1 4.9 5.0 5.0 
116-120 5.0 5.1 5.1 5.2 4.8 5.0 5.0 
Data for Fi ure 140 Fine mesh - lowest and biobest values Point 5 
Highest 1 Highest 2 Lowest 3 Highest 3 
mls mls mls 
46 46 48 
4.4 4.6 4.6 4.6 4.5 4.7 4.6 
4.2 4.4 4.5 4.6 4.5 4.6 4.5 
171 
16-2C 44 4.6 4.6 4 .6 4.5 4.6 4.6 
21-2t 44 4.6 4.2 4 .6 4.5 4.8 4.5 
26-3C 4.5 4.7 44 4 .5 4.5 4.6 4.5 
31-3: 4.3 4.5 4 .6 4 .6 44 4.5 4.5 
36-4C 4.3 4.5 4.5 4 .7 4.5 4.6 4.5 
41-4: 4.5 4.6 4.3 4.6 4.6 4.6 4.5 
46-5C 4.5 4.6 4.5 4 .6 44 4.6 4.5 
51-5: 4.3 4.6 4.5 4 .6 4.7 4.8 4.6 
56-$( 4.5 4.6 4.3 4 .6 4.5 4.7 4.5 
61-6: 4.5 4.6 4.6 4 .6 4.5 4.5 4.6 
66-7C 44 4.5 4.5 4 .6 4 .5 4 .6 4.5 
71-7: 4.3 4.7 44 4.6 4.6 4 .6 4.5 
76-8C 4.5 4.5 4.3 4 .6 4.6 4.7 4.5 
81-8E 44 4.5 4.6 4 .6 4.5 4.7 4.6 
86-9C 4.5 4.7 4.2 4 .5 4.5 4.8 4.5 
91-95 4.5 4.5 4.5 4.5 4.5 4.7 4.5 
96-10C 4.2 4.6 4.2 4 .6 4.6 4.6 4 .5 
101-105 4.5 4.6 4 .6 4.6 4.5 4.6 4.6 
106-11C 4.2 4.5 44 4.6 4.5 4.6 4.5 
111-115 44 4.5 4.5 4.6 4.5 4.6 4.5 
116-12C 4.3 4.5 4.6 4.6 4.5 4.7 4.5 
D fi F ata or Igure 142 F ' h I me mes - owest an d h ' h Igl est va ues P' 6 omt 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (s) m/sI m1s) m1s) m1s) m/sI m/sI m1s) 
0-5 3.3 3.6 3.1 3.~ 3." 3.: 34 
6-1C 3.3 34 3.3 34 3.3 34 3.4 
11-15 3.3 3.5 3.1 3~ 3.3 3.7 3.4 
16-20 3.2 3.3 3.0 3.3 3.4 3.: 3.3 
21-25 3.3 3.6 2.9 3.2 3.3 3.: 3.3 
26-30 3.5 3.7 3.2 3.9 3.4 3.7 3.E 
31-35 3.3 3.5 3.2 3.7 3.3 3.5 3.~ 
36-40 3.3 3.5 3.2 3.4 3.1 3.4 3.3 
41-45 3.4 3.6 3." 3.4 3.1 3.2 3. 
46-50 3. 3.6 3.2 3.4 3.3 3.5 3.4 
51-5E 3.4 3 . ~ 3.1 3.4 3.3 3.6 3.~ 
56-6C 3 . : 3.7 3.: 3.7 3.4 3.8 3.6 
61-$E 3. 3.7 2.8 3.4 3.3 3.4 3 . ~ 
66-1C 3.1 3.: 3.1 34 3.3 3.1 3.4 
71-1E 3. 34 3.2 3.< 3.1 3.4 3.3 
76-8C 3.2 3.: 3.~ 3.7 3.~ 3.6 3.4 
81-8: 3J: 3.7 3.2 3.: 3.1 3.4 3.4 
86-9C 3.1 3." 3.C 3.6 3.~ 3.4 3.3 
91-9: 3.4 3.7 3.1 3.~ 3 . ~ 3.5 3.4 
96-10C 3.3 3.7 3.5 3.7 3,~ 3.4 3Ji 
101-10: 3." 3.5 3.G 3." 3.4 3.6 3.4 
106-1 1C 3.: 3.7 3.3 3.: 3.C 3.~ 3.4 
111-11: 25 3.4 3.1 31 3.2 3 .. 6 3~ 
116-12C 3.0 3.5 3.3 3.5 3.5 3.6 3.4 
Data for Figure 142 Fine mesh -lowest and highest values Point 7 
172 
lowest 1 Highes t 1 lowest 2 Highest 2 lowest 3 Highest 3 Average 
~ime (s) (m/s) fm/s) (m/s) fm/s) (m/s) fm/s) (m/s) 
0-5 2.2 2.7 2.0 2.6 2.9 3.0 2.4 
6-10 2.5 3.0 2.2 2.7 2.8 2.9 2.6 
11-15 3.0 3.3 2.0 2.3 2.2 2.5 2.7 
16-2C 2.4 2.8 2.5 2.9 2.2 2.9 2.7 
21-25 2.6 2.8 2.0 2.6 2.1 2.8 2.5 
26-30 22 3.1 2.0 2.6 2.5 2.7 2.5 
31 -35 2.6 2.8 1.9 2.6 2.2 3.2 2.5 
36-40 2.2 2.6 1.8 2.8 2.7 3.0 2.4 
41-45 2.1 2.9 2.3 2.8 2.2 2.4 2.5 
46-50 2.3 2.9 2.2 2.6 2.2 2.4 2.5 
51-55 2.2 2.7 2.0 2.4 2.4 2.5 2.3 
56-60 2.7 30 2.3 2.6 1.8 2.2 2.7 
61-65 2.3 2.9 2.6 2.8 2.1 2.5 2.7 
66-7C 2.3 2.7 2.6 2.9 2.5 3.0 2.6 
71-75 2.8 3.2 2.4 2.8 2.8 3.1 2.8 
76-80 2.9 2.7 2.2 2.7 2.1 2.8 2.6 
81-85 1.8 2.5 2.2 2.5 2.3 2.8 2.3 
86-90 2.2 2.9 2.3 3.0 2.3 2.8 2.6 
91-95 2.3 2.5 2.3 2.6 2.2 3.0 2.4 
96-100 2.3 2.9 2.4 2.7 2.2 2.3 2.6 
101-105 2.3 2.4 1.9 2.4 2.6 3.1 2.3 
106-110 2.1 2.4 2.4 2.8 2.3 2.5 2.4 
111-115 2.1 2.3 2.2 2.5 2.2 2.4 2.3 
116-120 2.3 2.9 2.2 2.3 2.1 2.6 2.4 
ata or Igure 144 F' h I me mes - owest an d h' h Igr est va ues p ' 8 omt 
lowest 1 Highest 1 lowest 2 Highest 2 lowest 3 Highest 3 Average 
[rime (s) (m/s) (m/s) (m/s) fm/s) (m/s) fm/s) (m/s) 
O-~ 3.2 3.8 3.7 4.8 3.7 4.4 3.9 
6-1C 3.7 4.2 4.2 4.3 3.6 3.9 4.0 
11 -1 : 3.7 4.4 3.7 4.5 3.3 4.1 4.0 
16-2C 1.8 3.4 3.4 3.8 4.2 4.6 3.5 
21-2: 2.3 2.7 4.1 4.4 3.9 4.2 3.6 
26-3C 3.2 3.6 3.4 4.2 3.7 4.3 3.7 
31-3: 3.5 4.2 4.1 4.2 3.8 4.6 4.1 
36-4C 2.7 3.1 2.5 3.7 2.9 3.6 3.1 
41-4: 3.6 4.4 2.9 3.7 4.0 4.2 3.8 
46-5C 4.0 4.4 4.0 4.1 3.1 3.7 3.9 
51 -5: 3.7 4.2 3.5 4.2 2.9 3.7 3.7 
56-6C 3.7 4.2 3.5 4.2 2.8 4.2 3.8 
61-6: 3.2 4.2 3.3 3.7 3.3 4.5 3.7 
66-7C 3.8 4.2 3.3 4.0 3.8 4.1 3.9 
71-7: 3.2 3.6 4.0 4.6 3.7 4.1 3.9 
76-8C 3.7 3.9 2.9 3.5 3.1 3.6 3.5 
81-8: 4.2 4.4 3.4 4.3 3.7 4.1 4.0 
86-9C 4.0 4.5 3.4 3.8 3.5 4.9 4.0 
91-90 3.6 4.0 3.2 3.9 3.0 3.3 3.5 
96-10C 3 3.6 3.1 4.2 2.9 3.1 3.3 
101-10: 4.0 4.2 3.0 3.4 3.8 4.0 3.7 
106-11C 2.7 3.8 4.0 4.5 3.6 4.1 3.8 
173 
D fi F' ata or 'Igure h 144 F' me roes - lowest an d . hIghest va lues p omt 9 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
rt"ime (5) (mfs) (mfs) (m/s) (mfs) (mfs) Imfs\ (mfs) 
0-5 3.8 3.9 3.4 4.0 3.7 4.4 3.9 
6-!C 3.7 4.2 3.6 4.5 4.0 4.5 4.1 
11-1 t 3.2 4.3 3.6 4.3 3.9 4.6 4.0 
16-2C 3.2 4.0 3.1 4.2 4.1 4.9 3.9 
21-2~ 3.6 4.0 2.7 3.0 4.0 4.3 3.6 
26-3C 3.1 4.5 3.9 4.2 3.7 4.2 3.9 
31 -3t 4.3 4.5 4.0 4.4 4.2 4.8 4.4 
36-4C 3.7 4.8 4.3 4.6 3.8 4.1 4.2 
41 -45 3.6 4.7 4.3 4.9 3.3 4.7 4.3 
46-5C 4.1 4.3 3.3 3.9 4.2 4.7 4.1 
51-5t 3.1 3.9 3.7 4.0 3.5 4.1 3.7 
56-6C 3.2 4.7 3.3 4.6 3.0 4.2 3.8 
61-6~ 4.1 4.9 3.7 4.6 3.3 4.5 4.2 
66-7C 2.9 3.1 4.1 4.5 3.1 4.0 3.6 
71 -7t 4.1 4.8 4.9 5.0 3.3 3.8 4.3 
76-8Q 4.1 4.2 2.9 4.5 3.8 4.7 4.0 
81-85 3.8 4.7 2.9 3.5 3.8 4.1 3.8 
86-90 3.4 4.6 3.5 4.5 4.2 4.6 4.1 
91-95 3.8 4.2 3.9 4.4 3.5 4.7 4.1 
96-100 3.7 4.7 2.5 4.1 2.9 4.1 3.7 
101-10: 3.6 4.3 2.5 4.3 3.1 4.4 3.7 
106-11C 3.5 4.6 3.0 3.3 4.0 4.5 3.8 
111-11: 2.9 4.0 3.1 3.7 3.9 4.5 3.7 
116-12C 2.7 4.5 3.0 4.0 3.8 4.7 3.8 
Data for Figure 145 Fine mesh - lowest and highest va lues Point 10 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
;Time (s) (mfs) (mfs) (mfs) (mfs) (mfs) (mfs) (mfs) 
O-~ 3.0 3.5 2.1 2.2 2.0 2.5 2.7 
6-1C 2.6 3.5 2.1 2.2 3.0 3.1 2.6 
11-15 3.1 3.6 2.0 2.6 2.0 3.0 2.8 
16-2C 2.9 4.5 2.1 3.1 1.8 2.5 3.2 
21-25 2.0 2.3 1.8 3.9 1.9 2.3 2.5 
26-3C 3.0 3.4 1.8 2. 1 2.2 2.6 2.6 
31-35 3.2 3.7 2.0 2.2 1.7 2.3 2.8 
36-4C 2.9 3.0 1.9 2.9 1.9 3.2 2.7 
41-45 2.8 3.3 2.2 2.5 2.2 3.3 2.7 
46-5C 2.7 3.0 1.6 1.9 1.8 2.0 2.3 
51 -55 2.4 2.9 1.7 2.3 1.7 2.5 2.3 
56-6C 2. 1 2.9 2.1 2.3 1.9 2.4 2.4 
61-65 1.9 3.9 1.4 1.8 1.9 2.1 2.3 
66-7e 2.7 3.0 1.8 1.8 2.1 2.3 2.3 
71-75 2.7 3.1 1.7 2.0 1.8 2.5 2.4 
76-8 2.9 3.0 1.7 2.7 1.9 2.7 2.6 
81 -8~ 2.1 3.0 1.8 2.3 1.7 3.1 2.3 
86-9C 2.9 3.9 1.6 3.0 1.6 1.7 2.9 
174 
2.2 2.4 1.8 2.4 1.8 1.8 2.2 
21 2.9 1.7 2.0 1.8 1.9 2.2 
2.1 2.4 2.8 3.1 1.6 2.2 2.6 
106-11 2.1 3.0 1.5 2.1 2.2 2.4 2.2 
111-11 2.6 2.7 2.3 2.9 1.7 2.3 2.6 
2.1 2.4 2.0 2.2 1.9 2.0 2.2 
D tI F ' ata or Igure 146F' m e rues h - owest an d h' Ighest va ues P' 11 omt 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (5) (mls) Jmls) (m/51 (m/s) (m/s) (m/s) (m/s) 
0-5 11 .2 11 .3 10.8 10.8 10.8 10.8 11 .0 
6-1C 11 .0 11 .1 10.8 10.8 10.5 10.8 10.8 
11-10 11 .0 11 .1 10.7 10.8 10.8 10.8 10.9 
16-2C 11 .0 11 .1 10.6 10.8 10.8 10.8 10.9 
21-2t 11 .0 11.1 10.8 10.9 10.8 10.8 10.9 
26-3C 11 .0 11.1 10.8 10.8 10.7 10.8 10.9 
31-30 11.0 11 .1 10.5 10.8 10.8 10.8 10.8 
36-4C 11.0 11 .1 10.6 108 10.8 10.8 10.9 
41-40 10.9 11 .0 10.8 10.9 10.7 10.8 10.9 
46-SC 10.8 10.9 10.7 10.8 10.6 10.8 10.8 
51-Sf 10.8 10.9 10.7 10.8 10.7 10.8 10.8 
56-6C 10.8 10.9 10.7 10.8 10.8 10.8 10.8 
61-60 10.9 11 .1 10.8 10.8 10.7 10.8 10.9 
66-7C 10.8 10.9 10.7 10.8 10.8 10.9 10.8 
71-70 10.8 10.9 10.7 10.8 10.7 10.8 10.8 
76-8C 10.8 10.9 10.6 10.8 10.7 10.8 10.8 
81-80 10.8 10.9 10.8 10.8 10.7 10.8 10.8 
86-9C 10.8 10.9 10.8 10.9 10.7 10.8 10.8 
91-9t 10.8 10.9 10.7 10.9 10.7 10.8 10.8 
96-10C 10.8 10.9 10.6 10.8 10.6 10.8 10.8 
101-100 10.8 10.9 10.8 10.9 10.7 10.8 10.8 
106-11C 10.8 10.9 10.8 10.9 10.7 10.8 10.8 
111-11 0 10.8 10.9 10.8 10.9 10.8 10.8 10.8 
116-12C 10.7 10.9 10.8 10.9 10.8 10.8 10.8 
o tI F' ata or Igure 147 F' me rues t d h' h t h I - owes an Igl es va ues P , t 12 010 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
Time (5) (mls) (m/s) (mls) (mlS) (mls) (mlS) (mlS) 
0-" 7.3 8.8 7.7 8.5 7.2 8.6 8.0 
6-1 C 8.4 8.9 7.1 7.5 7.4 8.4 8.0 
11-15 8.2 8.2 7.2 8.8 7.5 7.9 8.0 
16-2C 7.1 8.9 8.1 8.6 8.3 8.6 8.3 
21-2" 7.5 8.3 8.1 8.9 7.4 7.9 8.0 
26-3C 7.0 8.2 7.2 7.5 8.5 9.5 8.0 
31-3" 7.1 8.6 8.3 9.1 6.4 9.0 8.1 
36-4C 7.9 8.8 7.3 8.5 8.0 8.4 8.2 
41-45 7.5 8.0 7.1 8.2 8.6 9.0 8.1 
46-SC 8.8 8.9 7.8 8.5 7.6 8.5 8.4 
51-50 8.2 8.8 7.6 8.7 8.8 9.3 8.6 
56-6G 7.9 9.1 7.7 8.5 7.2 9.1 8.3 
61-6" 8.0 8.5 6.7 8.4 8.0 9.1 8.1 
66-7C 7.9 8.8 7.8 8.5 7.7 8.3 8.2 
175 
7.0 8.6 7.7 8.3 8.1 9.1 8.1 
7.0 7.7 7.1 8.4 8.0 8.4 7.8 
7.9 8.4 8.5 8.9 7.6 8.8 8.4 
8.2 8.6 8.0 8.1 8.1 9.4 8.4 
8.1 8.5 6.9 8.5 6.4 9.0 7.9 
7.7 8.6 8.5 8.6 7.7 8.6 8.3 
7.9 8.9 7.8 8.7 6.8 8.0 8.0 
7.7 8.0 7.1 9.0 8.6 8.8 8.2 
111-11 7.6 8.2 8.0 9.0 6.3 9.0 8.0 
6.8 8.2 7.8 8.7 7.3 8.9 8.0 
o ti FO ata or Igu re 148 FO me mes h - owest an d hO Ighest va ues p omt 13 
Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
trime (s) (mist (mls) imls) (m1s) (m1s) (mts) (mts) 
0-5 1.5 1.8 1.6 1.7 1.7 2.3 1.8 
6-1C 1.6 2.0 1.6 2.2 1.5 2.0 1.8 
11 -10 1.3 2.0 1.8 2.3 1.3 1.8 1.8 
16-2C 2.1 2.8 1.7 2.1 1.5 2.2 2.1 
21-20 1.3 1.8 1.8 2.2 1.7 2.0 1.8 
26-30 1.5 1.9 1.7 2 .1 1.6 2.1 1.8 
31-35 1.4 1.7 1.6 2.1 1.2 1.7 1.6 
36-40 1.8 2.2 1.5 2.1 1.5 1.8 1.8 
41-40 1.7 2.0 1.7 2.2 1.9 2.4 2.0 
46-5C 2.0 2.3 1.8 2 .3 1.8 2.7 2.2 
51-55 1.5 1.8 1.9 2.4 1.8 2.2 1.9 
56-60 1.7 2.4 1.6 2.3 1.9 2.0 2.0 
61-65 1.6 2.2 1.4 1.9 1.8 2.3 1.9 
66-7C 1.4 1.8 2.1 2 .3 1.2 3.4 2.0 
71 -75 1.3 2.2 1.8 2.2 1.5 2.0 1.8 
76-80 1.1 2.2 2.2 2 .9 1.3 2.1 2.0 
81-85 1.5 2.0 1.8 2.2 2.0 2.3 2.0 
86-90 1.4 1.6 1.5 2.0 1.8 2.3 1.8 
91-95 2.0 2.7 1.3 . 2.0 1.3 2.5 2.0 
96-10( 1.7 2.4 1.3 1.9 1.7 2.0 1.8 
101-1 O~ 1.4 1.5 1.8 3.5 1.6 2.2 2.0 
106-11C 2.0 2.1 1.6 2.3 1.5 2.1 1.9 
111-115 2.0 2.2 1.8 2.6 1.8 2.8 2.2 
116-120 2.9 3.0 1.9 2.4 1.8 2.0 2.3 
o ti FO ata or Igure 151 H t at tempera ures 
Under cured temperature (OC) Cured temperature (OC) Over cured temperature (OC) 
111 130 121 124 120 127 127 124 116 118 128 128 128 125 132 128 131 
118 110 11 9 128 118 124 131 124 118 128 123 122 127 128 124 128 
113 112 127 120 118 121 130 126 118 124 123 126 129 125 120 128 
108 118 122 122 117 122 123 124 123 120 124 128 129 125 131 128 
122 124 127 122 11 9 125 120 123 123 117 122 124 127 124 128 128 
110 122 125 122 118 124 124 124 120 124 119 126 125 122 125 127 
119 120 120 124 118 125 126 128 120 120 122 126 129 126 137 127 
115 118 115 107 119 125 126 124 119 117 121 125 126 125 132 127 
125 127 106 110 125 124 121 128 117 127 120 126 126 127 128 128 
116 120 111 117 125 128 124 127 119 128 122 124 129 125 138 128 
126 120 118 123 124 127 119 124 124 128 122 126 128 126 128 127 
176 
- - -- -------------------------------------------------------
125 118124125130126123 122 128 121 128 128 124 126 128 
112 124 105 125 120 127 122 126 123122 126 130 126 128 129 
121 124110118123128123 124 120118 126 127 122 128 132 
117123 11 81281241 30 124 120128119 126128 128 130 
D fI F" ala or Igure ]52 H t t a t empera ures an d "f h I t ey cure 
Under Under Under Under Over Over Over Over 
~rial cured 1 cured cured cured 4 Cured f::ured f::ured f::ured cured 1 (cured cured lOured 
In_umber i OC) 2 (OC) 3 (OC) (OC) 1 (OCI 2 (OCI 3 (OC 4 (OC (OCI 2 (OC 3 (OC 4 (OC 
1 116 120 123 124 
e 125 118 119 123 
~ 118 117 119 122 
~ 108 111 110 112 
5 122 118 119 121 
6 113 115 117 120 
1;7 137 132 131 138 
8 130 132 124 128 
9 128 120 125 126 
10 116 120 122 124 
11 126 120 120 124 
12 125 122 118 123 
13 127 127 126 128 
14 125 124 124 124 
15 120 120 120 120 
16 115 118 117 117 
17 110 105 107 106 
18 112 110 110 111 
19 118 118 117 118 
20 124 124 123 124 
21 127 128 128 128 
22 127 128 128 128 
23 127 128 128 128 
24 128 127 128 128 
25 128 128 128 128 
26 127 128 128 128 
2l 118 118 120 11 8 
28 128 123 128 128 
29 120 124 122 124 
30 127 126 126 126 
31 121 118 119 118 
32 119 117 118 119 
33 127 127 125 128 
34 123 126 128 127 
35 123 126 125 129 
36 124 127 125 129 
37 122 125 124 127 
38 125 119 124 122 125 
39 122 124 126 129 
40 121 123 125 126 
41 120 123 120 126 
42 123 122 125 129 
~3 124 122 126 128 
177 
~ 126 121 124 128 
!'I5 124 126 122 130 
<16 121 118 122 127 
47 119 126 125 128 
48 120 122 119 121 
49 122 125 123 124 
50 122 124 122 124 
~1 122 125 123 124 
:;2 124 125 124 125 
53 129 132 130 131 
54 124 124 120 126 
05 124 125 127 123 
56 128 124 126 128 
fj7 125 127 123 126 
58 125 126 124 124 
59 130 128 130 128 
60 127 124 127 126 
61 131 128 126 129 
",2 130 127 126 129 
Data for Figure 153 Difference between the temperatures in each hood during 
h ' . eac CUring sessIOn 
[Trial Position Position Position Position Highest Lowest Difference 
!number a (OC) b (OC) c(°C) d (OC) (0C) (OC) (0C) 
1 116 120 123 124 124 116 8 
12 118 119 123 125 125 118 17 
13 118 117 119 122 122 117 P 
14 108 111 110 112 112 108 4 
~ 122 118 119 121 122 118 <! 
~ 120 113 115 117 120 113 7 
~ 137 132 131 138 138 131 
~ 132 124 128 130 132 124 8 
~ 128 120 125 126 128 120 8 
10 116 120 122 124 124 116 8 
11 126 120 120 124 126 120 6 
12 125 122 118 123 125 118 
13 126 128 127 127 128 126 ? 
14 124 124 124 125 125 124 1 
15 120 120 120 120 120 120 b 
16 118 117 117 115 118 115 13 
17 110 105 107 106 110 105 5 
18 112 110 110 111 112 110 12 
19 118 118 117 118 118 117 1 
t20 124 124 123 124 124 123 1 
t21 127 128 128 128 128 127 1 
t22 127 128 128 128 128 127 1 
123 127 128 128 128 128 127 1 
124 127 128 128 128 128 127 1 
125 128 128 128 128 128 128 0 
t26 127 128 128 128 128 127 1 
t27 11 8 118 120 118 120 118 2 
178 
~§ 123 128 128 128 128 123 5 
~9 120 124 122 124 124 120 4 
[30 127 126 126 126 127 126 1 
[31 121 118 119 118 121 118 3 
[32 119 117 118 119 119 117 2 
~3 127 127 125 128 128 125 3 
[34 123 126 128 127 128 123 5 
[35 123 126 125 129 129 123 6 
[36 124 127 125 129 129 124 Is 
[37 122 125 124 127 127 122 Is 
~8 119 124 122 125 125 119 !> . 
[39 122 124 126 129 129 122 17 
140 121 123 125 126 126 121 [5 
141 120 120 123 126 126 120 ~ 
142 122 123 125 129 129 122 17 
143 122 124 126 128 128 122 ~ 
144 121 124 126 128 128 121 17 
145 122 124 126 130 130 122 8 
146 118 121 122 127 127 118 ~ 
147 119 126 125 128 128 119 ~ 
148 120 122 119 121 122 119 3 
149 122 125 123 124 125 122 3 
[50 122 124 122 124 124 122 2 
[51 122 125 123 124 125 122 3 
)52 124 125 124 125 125 124 1 
)53 129 132 130 131 132 129 3 
[54 126 124 124 120 126 120 6 
)55 125 127 123 124 127 123 4 
)56 126 128 124 128 128 124 4 
)57 125 127 123 126 127 123 4 
l§.8 125 126 124 124 126 124 2 
[59 128 130 128 130 130 128 g 
~O 126 127 124 127 127 124 [3 
~1 126 131 128 129 131 126 [5 
~2 126 130 127 129 130 126 14 
The shaded sectlOn was plotted 
ata or 12ure 176A' fl . h If ow m eatm oop 1 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Lowest 4 Highest 4 
secs) . (mls). JmlsL (mls) (mls) Jm/sl . Lmls) Jmls) Jm/sl 
P-15 14.2 14.4 14.3 14.5 14.4 14.4 14.3 14.5 
16-30 14.2 14.5 14.1 14.6 14.2 14.5 14.4 14.6 
[31-45 14.2 14.5 14.4 14.8 14.2 14.6 14.3 14.7 
146-<30 14.3 14.4 14.5 14.6 14.4 14.6 14.3 14.6 
~-75 14.2 14.5 14.5 14.7 14.4 14.7 14.4 14.7 
176-90 14.3 14.5 14.5 14.6 14.2 14.5 14.6 14.7 
f-l1-105 14.3 14.4 14.4 14.8 14.3 14.5 14.5 14.9 
106-120 14.2 14.3 14.3 14.6 14.3 14.4 14.3 14.5 
121-135 14.2 14.3 14.5 14.7 14.2 14.6 14.4 14.6 
136-150 14.2 14.3 14.5 14.7 14.3 14.6 14.2 14.6 
151-165 14.3 14.4 14.5 14.8 14.4 14.6 14.3 14.6 
166-180 14.3 14.4 14.6 14.7 14.4 14.6 14.3 14.5 
179 
181-195 14.2 14.3 14.6 14.8 14.5 14.8 14.2 14.5 
196-210 14.2 14.5 14.7 14.8 14.5 14.8 14.4 14.5 
11-225 14.4 14.5 14.7 14.8 14.5 14.8 14.3 14.8 
25-240 14.2 14.3 14.5 14.7 14.5 14.7 14.3 14.5 
Data or Figure 17 8 fl Air ow ID heatim Loop 2 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Lowest 4 Highest 4 
secs) mls) mls) rnls) rnls) rnls) rnls) mls) mls) 
b-15 13.7 13.8 13.6 13.7 13.6 13.9 13.6 13.9 
16-30 13.6 13.8 13.4 13.7 13.6 13.7 13.9 14.0 
31-45 13.7 13.9 13.3 13.7 13.5 13.7 13.8 14.1 
~6-60 13.6 13.9 13.4 13.8 13.6 13.8 13.7 14.0 
p1-75 13.5 13.9 13.5 13.7 13.5 13.7 13.9 14.2 
76-90 13.6 13.8 13.6 13.8 13.6 13.7 14.2 14.3 
91-105 13.8 13.9 13.6 13.9 13.7 13.9 14.0 14.3 
106-120 13.7 14.1 13.8 13.9 13.7 13.9 14.0 14.2 
121-135 13.8 13.9 13.8 13.9 13.6 13.8 13.9 14.1 
136-150 13.6 13.9 13.5 14.0 13.6 13.9 14.0 14.2 
151-165 13.7 13.8 13.7 13.9 13.5 13.6 13.9 14.4 
166-180 13.8 14.0 13.7 14.0 13.7 13.8 140 14.2 
181 -195 13.7 13.9 13.7 13.9 13.7 13.8 13.9 14.3 
196-210 13.6 13.8 13.6 13.8 13.7 13.9 13.9 14.1 
211-225 13.5 13.9 13.7 13.9 13.7 13.9 13.8 14.3 
225-240 13.5 13.9 13.8 14.0 13.6 13.7 14.0 14.1 
D .fI F' ata or Joure J 78 . fl . h AJ r ow ID eatID L oop 3 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Lowest 4 Highest 4 
secs~ (m/s) (rn/s) (rn/s) (rn/s) (rn/s) (m/s) (m/s) (m/s) 
0-15 13.7 13.9 13.7 13.9 13.8 14.0 14.1 14.4 
16-30 13.8 13.9 13.8 14.0 13.7 14.0 14.2 14.3 
31-45 13.9 14.0 13.7 14.0 13.9 14.1 14.2 14.5 
46-60 13.9 14.1 13.7 14.0 13.9 14.1 14.2 14.3 
E)1-75 14.1 14.3 13.9 14.0 14.0 14.2 14.1 14.4 
6-90 13.9 14.2 13.8 14.1 13.9 14.1 14.3 14.4 
91-105 14.2 14.3 13.5 13.8 13.8 14.0 14.3 14.4 
106-120 14.2 14.3 13.8 14.0 13.8 14.0 14.2 14.5 
121-135 14.2 14.3 14.2 14.3 13.9 13.9 14.4 14.4 
136-150 14.1 14.4 14.2 14.3 13.9 14.0 14.2 14.3 
151-165 14.2 14.3 14.3 14.4 13.8 14.0 14.3 14.4 
166-180 14.2 14.3 14.2 14.5 13.7 14.0 14.2 14.5 
181-195 14.2 14.3 14.2 14.4 13.7 14.0 14.2 14.5 
196-210 14.2 14.3 14.4 14.7 13.8 14.1 14.2 14.5 
211-225 14.1 14.4 14.3 14.4 13.8 14.1 14.3 14.6 
225-240 14.2 14.4 14.4 14.6 13.7 14.0 14.3 14.5 
Data for Fi ure 180 Airflow in heatin loo 4 
Tirne Highest 1 
m/s 
14.8 
14.7 14.8 14.8 15.0 14.9 15.1 14.6 14.8 
14.6 14.9 14.8 15.1 15.1 15.4 14.5 14.9 
14.7 15.0 15.0 15.1 15. 1 15.3 14.6 14.8 
180 
~1-75 14.7 15.0 14.9 15.2 15.1 15.4 14.7 14.9 
176-90 14.8 14.9 14.9 15.3 15.1 15.4 14.7 15.2 
S1-105 14.7 15.1 15.1 15.4 15.2 15.3 14.6 15.0 
106-120 14.6 15.0 14.9 15.1 15.2 15.5 14.7 14.9 
121-135 14.6 14.8 15.0 15.1 15.2 15.4 14.6 14.8 
136-150 15.0 15.1 15.0 15.3 15.1 15.4 14.7 15.1 
151-165 15.0 15.2 15.0 15.1 15.3 15.4 14.7 15.1 
166-180 15.1 15.3 15.0 15.2 15.2 15.3 14.7 14.9 
181-195 15.0 15.2 15.0 15.2 15.2 15.3 14.6 15.0 
196-210 14.9 15.3 14.9 15.2 15.2 15.3 14.9 15.1 
t111-225 15.1 15.2 15.0 15.2 15.3 15.4 14.6 14.9 
t125-240 15.1 15.3 15.0 15.2 15.2 15.3 14.7 15.0 
Data for Figure l80 Average airflows in heating loop 
A V I f; tb h b db · g the above information verage a ues or e grapl 0 tame Dyaveragm 
Loop 1 Loop 2 Loop 3 Loop 4 
AveraQe AveraQe AveraQe IAveraQe 
P: 15 14.< 13.7 13~ 14E 
16-30 14 . ~ 13. 14.( 14.< 
f31-45 14.: 13.7 14.( 14., 
46-ki0 14.: 13. 14.C 15.C 
131-75 14.: 13. 14.1 15.( 
76-90 14.: 13.E 14.1 15.( 
~1-1 05 14 . ~ 13j 14<: 15.1 
106-120 14 . ~ 13.~ 14.1 15.C 
121-135 14 . ~ 13.S 14.? 14.~ 
136-150 14 . ~ 13.E 14.? 15.1 
151-165 14.: nE 14.? 15.1 
166-180 14.0 13 . ~ 14.? 15.1 
181-195 14. ~ 13.S 14.2 15.1 
196-210 14.E 138 14.3 15.1 
211-225 14.E 13.B 14.3 15.1 
225-240 14.0 138 14.3 15.1 
Data for Figure 182 Average values of airflow velocity against position across the 
cross section ofthe duct 
Distance 
rom side ~ime Trial 1 Min 
mm) secs) ~m/sl Trial 1 Max Trial 2 min Tria l 2 Max Trial 3 Min Trial 3 Max 
20C P-15 14.7 15 15.6 16 15.3 15.6 
16-30 14.8 15 15.9 16 15.2 15.4 
~1-45 14.7 15.1 15.7 16.1 15.3 15.6 
!46-ki0 14.8 15.2 15.7 15.9 15.2 15.5 
61-75 14.8 15.1 15.6 15.9 15 15.3 
18C P-15 15.8 16.1 15.6 15.9 15.5 15.6 
16-30 16 16.5 15.5 15.7 15.4 15.5 
~1-45 16.1 16.3 15.6 15.7 15.2 15.4 
!46-ki0 16 16.3 15.5 15.8 15.2 15.5 
p1-75 16 16.3 15.5 15.8 15.4 15.5 
16C P-15 14.7 15 I 14.9 15.2 I 14.3 14.5 
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16-30 14.8 15.1 14.9 15.1 14.2 14.5 
(31-45 14.9 15.2 15.1 15.3 14.2 14.5 
~6-60 14.9 15.3 15.1 15.3 14.3 14.4 
61 -75 15.1 15.5 15.1 15.3 14.3 14.4 
14C b-15 14.4 14.6 14.7 14.9 14 14.4 
16-30 14.2 14.6 14.7 14.9 13.9 14.2 
31-45 14.2 14.5 14.6 14.7 14 14.3 
~6-60 14.4 14.6 14.4 14.6 13.8 14 
61-75 14.4 14.6 14.5 14.8 14 14.3 
12( b-15 14.5 14.8 14.6 14.8 14.2 14.4 
16-30 14.5 14.7 14.6 14.8 14.2 14.4 
31-45 14.5 14.6 14.6 15.2 14.2 14.4 
~6-60 14.5 14.6 14.7 15 14.2 14.4 
61-75 14.5 14.8 14.6 15 14.2 14.3 
10( 0-15 13.8 14 14 14.2 13.9 14 
16-30 13.7 13.9 13.9 14.1 13.9 14.2 
31-45 13.6 14.2 13.9 14.1 13.8 14 
146-60 13.7 13.9 14 14.2 13.9 14.1 
6 1-75 13.7 13.8 14.1 14.3 13.9 14.3 
8( 10-15 13 13.2 12.9 13.2 13.1 13.5 
16-30 13.1 13.2 13 13.2 13.2 13.5 
131-45 13.2 13.4 13.2 13.4 13.1 13.4 
]46-60 13.1 13.3 13.2 13.3 13.1 13.4 
Bl-75 13.1 13.2 12.9 13.2 13.1 13.5 
6( 10-15 14 142 12.7 12.8 13.5 13.6 
16-30 14 14.2 12.5 12.7 13.4 13.7 
131-45 13.7 14.2 12.5 12.8 13.4 13.6 
146-60 14 14.4 12.6 12.8 13.5 13.6 
Bl-75 13.9 14.2 12.7 12.9 13.4 13.6 
4c 10-15 14.3 14.5 13.1 13.3 13.9 14.1 
16-30 14.2 14.4 13 13.3 13.8 13.9 
131-45 14.2 14.4 13.5 13.8 13.7 13.9 
146-60 14.2 14.4 13.3 13.8 13.6 14.1 
.61-75 13.7 14.1 13 13.2 13.8 14.2 
2c 10-15 13.7 13.8 13.9 14.3 13.7 13.9 
16-30 13.7 13.8 13.9 14.2 13.6 13.8 
131-45 13.7 13.9 14.1 14.2 13.6 14 
146-60 13.7 13.9 13.9 14.2 13.6 13.8 
.61-75 13.8 14 13.8 14.1 13.6 13.7 
Average 
Distance f rom hole AveraQe 
20 13.86 
40 13.81 
60 13.44 
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80 13.21 
100 13.97 
120 14.56 
140 14.41 
160 14.85 
180 15.74 
200 15.37 
D fi F' ata or Igure 190 BI k' h oc mg eatmg oop 4 ff I ~ 0 , resu ts or loop 1 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
(secs) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0-15 14.9 15.2 14.0 14.3 14.5 14.8 14.6 
16-30 15.2 15.4 13.5 14.6 14.7 15.2 14.8 
31-45 15.0 15.3 14.5 15.1 14.9 15.2 15.0 
46-B0 14.9 15.2 14.3 15.1 15.0 15.2 15.0 
61-75 14.9 15.4 14.4 14.8 15.0 15.3 15.0 
76-90 15.0 15.6 14.7 15.2 15.1 15.5 15.2 
91-105 14.9 15.4 14.5 15.1 15.3 15.6 15.1 
106-120 15.0 15.4 14.7 15.0 15.1 15.4 15.1 
121 -135 15.0 15.4 14.8 15.3 15.4 15.7 15.3 
Data or Fie:ure 191 Blockine: heatme: loop 4 off, resu lts for loop 2 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
(secs) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0-15 13.7 14.0 14.1 14.2 14.2 14.5 14.1 
16-30 13.7 14.1 14.0 14.2 14.2 14.5 14.1 
31-45 14.0 14.3 13.9 14.2 14.2 14.5 14.2 
46-B0 14.0 14.3 13.9 14.2 14.2 14.6 14.2 
61-75 13.9 14.1 14.0 14.3 14.2 14.5 14.2 
76-90 13.9 14.2 14.0 14.2 14.2 14.4 14.2 
91-105 13.9 14.1 13.9 14.3 14.3 14.5 14.2 
106-120 13.9 14.1 14.1 14.3 14.3 14.5 14.2 
121-135 13.9 14.2 13.9 14.2 14.3 14.6 14.2 
D fi F' ataor Igure 193 BI ki h oc ng eatmg oop I f 4 ff 0 , resu ts or loop 3 
Time Lowest 1 Highest 1 Lowest 2 Highest 2 Lowest 3 Highest 3 Average 
(secs) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) ( m/s) 
0-15 13.3 13.5 13.1 13.4 13.7 13.9 13.5 
16-30 13.1 13.5 13.2 13.4 13.6 13.9 13.5 
31-45 13.2 13.5 13.2 13.4 13.6 13.8 13.5 
46-B0 13.0 13.4 13.1 13.4 13.6 13.7 13.4 
61-75 12.8 13.3 13.2 13.4 13.6 13.9 13.4 
76-90 13.3 13.5 13.1 13.4 13.6 13.9 13.5 
91-105 13.2 13.5 13.1 13.3 13.6 13.9 13.4 
106-120 13.2 13.6 13.1 13.4 13.5 13.9 13.5 
121-135 13.5 13.7 13.2 13.4 13.5 13.9 13.5 
Data for Figure 193 .B locking heating loop 4 off, Average results for the 
h I remamme: tree 001 s 
Average Average Average 
Time Loop 1 Loop 2 Loop 3 
(secs) (m/s) (m/s) (m/s) 
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0-15 14.6 14.1 13.5 
16-30 14.8 14.1 13.5 
31-45 15.0 14.2 13.5 
46-60 15.0 14.2 13.4 
61-75 15.0 14.2 13.4 
76-90 15.2 14.2 13.5 
91-105 15.1 14.2 13.4 
106-120 15.1 14.2 13.5 
121-135 15.3 14.2 13.5 
Data fo r Figure 194 Effect of blocking off one loop-highest and lowest value 
averal!es for each loon 
4 Loops 4 Loops 4 Loops 3 Loops 3 Loops 3 Loops 
Lowest Highest Average Lowest Highest Average 
Airflow ~irfls~W Airflow Airflow Airflow ~irfls~W Position (m/s) m/s (m/s) (mlsO (m/s) m/s 
Position 
1 14.1 14.9 14.5 13.5 15.7 15 
Position 
2 13.3 14.4 13.8 13.7 14.6 14.2 
Position 
3 13.5 14.7 14.1 12.8 13.9 13.5 
Position 
4 14.5 15.5 15 
Data for Fil!ure 195 Effect of blockinl! 2 looos off on heatinl! 1000 1 
Average 
Lowest Highest Lowest Highest Airflow 
Time Airflow 1 airflow 1 Airflow 2 Airflow 2 ~oo~ 1 (secs) (m/s) (m/s) (m/s) (mls) m/s 
0-15 15.1 15.3 14.9 15.3 15.2 
16-30 15.2 15.5 14.9 15.1 15.2 
31-45 15.2 15.4 15.1 15.2 15.2 
46-60 15.3 15.6 14.9 15.2 15.3 
61-75 15.4 15.7 14.8 15.2 15.3 
76-90 15.3 15.5 14.9 15.2 15.2 
91 -1 05 15.5 15.6 15.1 15.5 15.4 
106-120 15.4 15.6 15.0 15.4 15.4 
121-1 35 15.3 15.7 15.1 15.3 15.4 
Data for Figure 196 Effects of blocking 2 loops on heating 1000 2 
Average 
Lowest Highest Lowest Highest Airflow 
. iim~) Airfls~W 1 airf~W 1 , ~i~~W2 I ~irflOW 2 Loop 1 secs I (m/s I (m/s m/s m/sI I (m/s) 
0-15 13.7 13.9 14.4 14.5 14.1 
16-30 13.8 14.0 14.3 14.5 14.2 
31-45 14.0 14.2 14.3 14.6 14.3 
46-60 14.0 14.4 14.4 14.7 14.4 
61-75 14.1 14.4 14.5 14.8 14.5 
76-90 14.2 14.3 14.4 14.6 14.4 
91-105 14.3 14.4 14.3 14.6 14.4 
106-120 14.1 14.4 14.3 14.6 14.4 
121-135 14.1 14.4 14.5 14.6 14.4 
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